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Preface 



Astrobiology is a relatively new research area that addresses questions that have 
intrigued humans for a long time: "How did life originate?" "Are we alone in the 
Universe?" "What is the future of life on Earth and in the Universe?" These 
questions are jointly tackled by scientists converging from widely different fields, 
reaching from astrophysics to molecular biology and from planetology to ecology, 
among others. 

Whereas classical biological research has concentrated on the only example of 
"life" so far known - life on Earth - astrobiology extends the boundaries of 
biological investigations beyond the Earth to other planets, comets, meteorites, 
and space at large. Focal points are the different steps of the evolutionary pathways 
through cosmic history that may be related to the origin, evolution, and distribu- 
tion of life. In the interstellar medium, as well as in comets and meteorites, 
complex organics are detected in huge reservoirs that eventually may provide the 
chemical ingredients for life. More and more data on the existence of planetary 
systems in our Galaxy are being acquired that support the assumption that 
habitable zones are frequent and are not restricted to our own Solar System. 
From the extraordinary ability of life to adapt to environmental extremes, the 
boundary conditions for the habitability of other bodies within our Solar System 
and beyond can be assessed. The final goal of astrobiology is to reveal the origin, 
evolution, and distribution of life on Earth and throughout the Universe in the 
context of cosmic evolution, and thereby to build the foundations for the con- 
struction and testing of meaningful axioms to support a theory of life. 

The multidisciplinary character of astrobiology is a challenge on the one hand 
because it complies with modern science approaches; on the other hand, the full 
expertise in astrobiology is not always available at a single university. To overcome 
this problem, experts from seven different European universities or research 
centers, specialized in leading fields of astrobiology, gathered in an astrobiology 
lecture course network with live tele-teaching and an interactive question-and- 
answer period. This book is based mainly on this multidisciplinary lecture series in 
astrobiology, and each chapter corresponds to a 90-minute lecture. The main fields 
of astrobiology are covered in a very competent and instructive manner. 
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Preface 

The book starts with a general introduction to the fascinating world of astro- 
biology. The next chapters provide insights into the different steps of cosmic 
evolution, from the Big Bang through the formation of galaxies and stellar systems, 
with emphasis on the evolution of matter required for life: the elements and 
molecules of life. The history of life on Earth is covered in the next chapters, 
including the latest results about the RNA world and concepts of a "window for 
life" as inferred from life's strategies to adapt to factually every location on Earth. 
This leads to a definition of habitability that is applied to the planets and moons of 
our Solar System, especially our neighbor planets Venus and Mars and the 
satellites of the giant planets, Titan and Europa. With the advent of space explora- 
tion, space and the bodies of our Solar System are now within our reach; therefore, 
the technology required for astrobiology missions is also covered, exemplified by 
astrobiology experiments in low Earth orbit and astrobiology missions to Mars. The 
book concludes with a chapter on the legal and scientific issues of planetary 
protection required for each space mission within our Solar System. 

This book is intended as a textbook in astrobiology for students and teachers 
from various fields of science that are interested in astrobiology. In each chapter, a 
list of questions for students is included. The CD is based on the original lectures 
that were given at the astrobiology lecture course network. The lectures can be 
followed on the Web streaming network of the European Space Agency (ESA) 
(streamiss.spacefiight.esa.int) under "Astrobiology Lecture Course Network (a.y. 
2005-2006)." 

The editors and authors are grateful to the ESA for providing the platform and 
support for realizing the Astrobiology Lecture Course Network that this book is 
based on. Special thanks go to Daniel Sacotte, Director of Human Spaceflight, 
Microgravity and Exploration Programmes at ESA for providing continuous sup- 
port, and to Dieter Isakeit, Massimo Sabbatini, and their staff at the Erasmus User 
Centre & Communication Office of ESA for their competent and efficient perform- 
ance in providing the required video production and infrastructure tools. Thanks 
go to former and present coworkers and students of the authors for their contri- 
butions to the research in the different chapters. Special thanks go to the following 
colleagues or organizations: Frances Westall for collaboration on the postulate for 
habitability, which Chapter 6 is based on, and for providing Figure 5.1; Birgit 
Huber for providing Figure 5.11; Lena Leroy for drawing Figure 3.2; Audrey Noblet 
for drawing Figure 3.8; Rainer Facius for providing figures on cosmic radiation in 
Chapter 11; and Gerhard Kminek for valuable comments on the ESA space 
missions and planetary protection for human missions in Chapter 13. Support 
for the laboratory work of Helga Stan Lotter (Chapter 5) by the Austrian FWF 
grants P16260 and P18256 is gratefully acknowledged. The PPARC provided 
financial support for the research of Monica Grady (Chapter 8). We appreciate 
the encouraging support from Christoph von Friedeburg and Nina Stadthaus from 
the Physics Department of Wiley-VCH, who gave us valuable advice during the 
preparation of the book. During the editing process, we had continuous support by 
Folk Horneck, Lisa Steimel, and Thomas Urlings. Their commitment in reviewing 
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and proofreading the manuscripts and in reworking electronic versions of the 
figures is highly appreciated. 

29 June 2006 Gerda Horneck 

Petra Rettberg 
Cologne, Germany 
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Astrobiology: From the Origin of Life on Earth 
to Life in the Universe 

Andre Brack 



This chapter covers the different theories about the steps toward 
the origin and evolution of life on Earth, and the major require- 
ments for these processes and for life at large are discussed. 
Conclusions are drawn on the likelihood of life originating and 
persisting on other places of our Solar System, such as the ter- 
restrial planets and the moons of the giant planets, or beyond in the 
Universe. 



1.1 

General Aspects of Astrobiology 

1.1.1 

Historical Milestones 

Humans in every civilization have always been intrigued by their origin and the 
origin of life itself. For thousands of years, the comforting theory of spontaneous 
generation seemed to provide an answer to this enduring question. In ancient 
China, people thought that aphids were spontaneously generated from bamboos. 
Sacred documents from India mention the spontaneous formation of flies from 
dirt and sweat. Babylonian inscriptions indicate that mud from canals was able to 
generate worms. 

For the Greek philosophers, life was inherent to matter. It was eternal and 
appeared spontaneously whenever the conditions were favorable. These ideas 
were clearly stated by Thales, Democritus, Epicurus, Lucretius, and even by Plato. 
Aristotle gathered the different claims into a real theory. This theory safely crossed 
the Middle Ages and the Renaissance. Famous thinkers such as Newton, Des- 
cartes, and Bacon supported the idea of spontaneous generation. 

The first experimental approach to the question was published in the middle of 
the 17 th century, when the Flemish physician Van Helmont reported the gener- 
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ation of mice from wheat grains and a sweat-stained shirt. He was quite amazed to 
observe that they were identical to those obtained by procreation. A controversy 
arose in 1668, when Redi, a Toscan physician, published a set of experiments 
demonstrating that maggots did not appear when putrefying meat was protected 
from flies by a thin muslin covering. 

Six years after Redi's treatise, the Dutch scientist Anton Van Leeuwenhoek 
observed microorganisms for the first time through a microscope that he made 
himself. From then on, microorganisms were found everywhere and the support- 
ers of spontaneous generation took refuge in the microbial world. However, Van 
Leeuwenhoek was already convinced that the presence of microbes in his solutions 
was the result of contamination by ambient air. In 1718, his disciple Louis Joblot 
demonstrated that the microorganisms observed in solutions were, indeed, 
brought in from the ambient air, but he could not convince the naturalists. 

Even Buffon, in the middle of the 18 th century, thought that nature was full of the 
germs of life able to scatter during putrefaction and to gather again, later on, to 
reconstitute microbes. His Welsh friend John Needham undertook many experi- 
ments to support this view. He heated organic substances in water in a sealed flask 
in order to sterilize the solutions. After a while, all solutions showed a profusion of 
microbes. The Italian priest Lazzaro Spallanzani argued that the sterilization was 
incomplete. He heated the solutions to a higher temperature and killed all the 
microbes, but he could not kill the idea of microbial spontaneous generation. 

The controversy reached its apotheosis one century later when Felix Pouchet 
published his treatise in 1860. He documented the theory of spontaneous gener- 
ation in the light of experiments that, in fact, were the results of contamination by 
ambient air. Pasteur gave the finishing blow to spontaneous generation in June 
1864 when he designed a rigorous experimental set up for sterilization. By using 
flasks with long necks that had several bends and were filled with sterilized broth 
or urine, he showed that no life appeared in the infusions as long as the flask 
remained intact. 

The beautiful demonstration of Pasteur opened the fascinating question of the 
historical origin of life. Because life can originate only from preexisting life, it has a 
history and therefore an origin, which must be understood and explained by 
chemists. 

Charles Darwin first formulated the modern approach to the chemical origin of 
life. In February 1871, he wrote in a private letter to Hooker: 

If (and oh, what a big if) we could conceive in some warm little 
pond, with all sorts of ammonia and phosphoric salts, light, heat, 
electricity, etc., present that a protein compound was chemically 
formed, ready to undergo still more complex changes, at the present 
day such matter would he instantly devoured or adsorbed, which 
would not have been the case before living creatures were formed. 

For 50 years, the idea lay dormant. In 1924, the young Russian biochemist 
Aleksander Oparin pointed out that life must have arisen in the process of the 
evolution of matter thanks to the nature of the atmosphere, which was considered 
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to be reducing. In 1928, the British biologist J. B. S. Haldane, independently of 
Oparin, speculated on the early conditions suitable for the emergence of life. 
Subjecting a mixture of water, carbon dioxide, and ammonia to UV light should 
produce a variety of organic substances, including sugars and some of the materi- 
als from which proteins are built up. Before the emergence of life they must have 
accumulated in water to form a hot, dilute "primordial soup." Almost 20 years after 
Haldane's publication, J. D. Bernal conjectured that clay mineral surfaces were 
involved in the origin of life. In 1953, Stanley Miller, a young student of Harold 
Urey, reported the formation of four amino acids - glycine, alanine, aspartic acid 
and glutamic acid - when he subjected a mixture of methane, ammonia, hydrogen, 
and water to electric discharges. Miller's publication really opened the field of 
experimental prebiotic chemistry (see Chapter 3). 

1.1.2 

Searching for Emerging Life 

Defining life is a difficult task, and the intriguing and long lasting question "What 
is life?" has not yet received a commonly accepted answer, even for what could be 
defined as minimal life, the simplest possible form of life. On the occasion of a 
Workshop on Life, held in Modena, Italy, in 2003, each member of the Interna- 
tional Society for the Study of the Origins of Life was asked to give a definition of 
life. The 78 different answers occupy 40 pages in the proceedings of the workshop. 

Perhaps the most general working definition is that adopted in October 1992 by 
the NASA Exobiology Program: "Life is a self-sustained chemical system capable of 
undergoing Darwinian evolution." Implicit in this definition is the fact that the 
system uses external matter and energy provided by the environment. In other 
words, primitive life can be defined, a minima, as an open chemical system capable 
of self-reproduction, i.e., making more of itself by itself, and capable of evolving. 
The concept of evolution implies that the chemical system normally transfers its 
information fairly faithfully but makes a few random errors. These may potentially 
lead to higher complexity/efficiency and possibly to better adaptation to changes in 
the existing environmental constraints. 

Schematically, the premises of an emerging life can be compared to parts of 
"chemical robots." By chance, some parts self-assembled to generate robots capable 
of assembling other parts to form identical robots. Sometimes, a minor error in the 
building generated more efficient robots, which became the dominant species. 

In a first approach, present life, based on carbon chemistry in water, is generally 
used as a reference to provide guidelines for the study of the origins of life and for 
the search for extraterrestrial life. It is generally assumed that the primitive robots 
emerged in liquid water and that the parts were already organic molecules. The 
early molecules that contain carbon and hydrogen atoms associated with oxygen, 
nitrogen, and sulfur atoms are often called the CHONS, where C stands for carbon, 
H for hydrogen, O for oxygen, N for nitrogen, and S for sulfur. 
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1.1.3 

The Role of Water 

Liquid water played a major role in the appearance and evolution of life by favoring 
the diffusion and exchange of organic molecules. Liquid water has many pecu- 
liarities. Water molecules establish hydrogen bonds with molecules containing 
hydrophilic groups. In water, organic molecules containing both hydrophilic and 
hydrophobic groups self-organize in response to these properties. This duality 
generates interesting prebiotic situations, such as the stereo-selective aggregation 
of short peptide sequences of alternating hydrophobic- hydrophilic residues into 
thermostable |3-sheet structures endowed with chemical activity, as shown below. 

In addition to H-bonding capability, water exhibits a large dipole moment 
(1.85 debye) as compared to alcohols (<1.70 debye). This large dipole moment 
favors the dissociation of ionizable groups such as -NH 2 - and -COOH-generating 
ionic groups, which can form additional H bonds with water molecules, thus 
improving their solubility. 

With a high dielectric constant e of 80, water is an outstanding dielectric 
compound. When organic groups with opposite charges Q and Q', separated by 
a distance r, are formed, their recombination is unfavorable because the force of 
attraction for reassociation is given by 

F=QxQ'/exr 2 . (1.1). 

This is also true for metal ions, which have probably been associated with organic 
molecules since the beginning of life. 

Liquid water was probably active in prebiotic chemistry as a clay producer and 
heat dissipator. Further, liquid water is a powerful hydrolytic chemical agent. As 
such, it allows pathways for chemical combinations that would have few chances to 
occur in an organic solvent. Liquid water is therefore generally considered as a 
prerequisite for the emergence of life on Earth. 

1.1.4 

The Physicochemical Features of Carbon-based Life 

Life is autocatalytic in essence and is able to evolve. To evolve, i.e., to increase its 
diversity, the molecules bearing the hereditary memory must be able to be ex- 
tended and diversified by combinatorial dispersive reactions. This can best be 
achieved with a scaffolding of polyvalent atoms. From a chemical viewpoint, carbon 
chemistry is by far the most productive in this respect. Another clue in favor of 
carbon is provided by radio astronomers: about 90 carbon-containing molecules 
have been identified in the interstellar medium while only 9 silicon-based mole- 
cules have been detected (see Chapter 2). To generalize, a carbon-based life is not 
just an anthropocentric view, it appears as a highly plausible prerequisite. 

Carbon atoms exhibit two remarkable features relative to life, one-handedness 
and stable isotope distribution. One-handedness, also called homochirality (from 
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the Greek kheiros, the hand), of the proteins synthesized via the genetic code is a 
characteristic of all living systems (see Chapter 3). Each central carbon atom of the 
amino acid molecule occupies the center of a tetrahedron. Except for the amino 
acid glycine, the four substituents of the central carbon atom are different. The 
carbon atom is therefore asymmetrical and it is not superimposable onto its mirror 
image. Each amino acid exists in two mirror-image forms called enantiomers (from 
the Greek enantios, opposed). All protein amino acids have the same handedness: 
they are homochiral. They are left-handed and hence known as L-amino acids. 
Their right-handed mirror images are known as D-amino acids. L-amino acids 
engaged in a protein chain generate right-handed, single-strand a-helices and 
asymmetrical, multi-strand p-sheet structures. Nucleotides, the building blocks 
of the nucleic acids DNA and RNA, are also homochiral. Their nomenclature is 
more complex because each nucleotide possesses four asymmetrical carbon atoms. 
In this case, the geometry of a selected carbon atom was chosen. Following this 
convention, nucleotides are right-handed. Right-handed nucleotides generally 
generate right-handed helical nucleic acids. 

Pasteur was probably the first to realize that biological asymmetry could best 
distinguish between inanimate matter and life. Life that would simultaneously use 
both right- and left-handed forms of the same biological molecules appears very 
unlikely for geometrical reasons. For example, enzyme |3-pleated sheets cannot 
form when both L- and D-amino acids are present in the same molecule. Because 
the catalytic activity of an enzyme is intimately dependent upon the geometry of the 
chain, the absence of p-pleated sheets would impede, or at least considerably 
reduce, the activity spectrum of the enzymes. The use of one-handed biomonomers 
also sharpens the sequence information of the biopolymers. For a polymer made of 
n units, the number of sequence combinations will be divided by 2 n when the 
system uses only homochiral (one-handed) monomers. Taking into account the 
fact that enzyme chains are generally made up of hundreds of monomers, and that 
nucleic acids contain several million nucleotides, the tremendous gain in simplic- 
ity offered by the use of monomers restricted to one handedness is self-evident. 

Finally, if the biopolymers to be replicated were to contain L- and D-units located 
at specific sites, the replication process would have to not only be able to position 
the right monomers at the right place but also select the right enantiomer from 
among two species, which differ only by the geometry of the asymmetrical carbon 
atoms. For example, the bacterium Bacillus brevis is able to synthesize the peptide 
gramicidin A, which is constructed on a strict alternation of left- and right-handed 
amino acids. However, the biosynthesis of this peptide involves a set of complex 
and sophisticated enzymes that are homochiral. 

Life on Earth uses homochiral left-handed amino acids and right-handed sugars. 
A mirror-image life, using right-handed amino acids and left-handed sugars, is 
perfectly conceivable and might have developed on another planet. Thus, homo- 
chirality is generally considered a crucial signature for life. 

The uptake of carbon dioxide by living systems can produce biomolecules 
enriched in 12 C carbon isotopes at the expense of 13 C isotopes. For example, on 
Earth, over 1600 samples of fossil kerogen (a complex organic macromolecule 
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produced from the debris of biological matter) have been compared with carbo- 
nates in the same sedimentary rocks. The organic matter is enriched in 12 C by 
about 25% 0 . This offset is now taken to be one of the most powerful indications that 
life on Earth was active nearly 3.9 billion years ago, because the sample suite 
encompasses specimens right across the geologic timescale. 

1.1.5 

Clays as Possible Primitive Robots 

Any scientist who has observed the crystallization of minerals initiated by the 
addition of seeds to a supersaturated solution is tempted to associate life with 
mineral crystals. Jean Schneider, for example, suggested that complex dislocation 
networks encountered in crystals may, in some cases, follow the criteria of living 
units and lead to a crystalline physiology. He also discussed the places of possible 
occurrence in nature of this kind of physiology, such as terrestrial and extraterres- 
trial rocks, interplanetary dust, white dwarfs, and neutron stars. 

According to Cairns-Smith, there is no compelling reason to necessarily relate 
the last common ancestor made of organic molecules with first life. Although the 
easy accessibility of numerous organic building blocks of life has been demon- 
strated experimentally, the dominant use of these molecules in living organisms 
can be seen as a result of evolution rather than a prerequisite for its initiation. 
Cairns-Smith proposed that the first living systems, and the chemical evolution 
preceding it, might have been based on a chemistry different from that which we 
know. The structurally and functionally complex genetic system of modern life 
arose subsequently in a living organism using a less efficient primary system with 
a much higher probability of spontaneous assembly. As genetic candidates, he 
advocated crystalline inorganic materials presenting suitable properties, such as 
the ability to store and replicate information in the form of defaults, dislocations, 
and substitutions. Clay minerals, such as kaolinite, are particularly attractive 
because they form at ambient temperatures from aqueous weathering of silicate 
rock. 

The following "genetic takeover" scenario was proposed by Cairns-Smith as a 
mineral origin of life. Certain clays having properties that favor their synthesis 
proliferated, and their replication defects, likewise, became more common. In 
certain clay lineages, the development of crude photochemical machinery favored 
the synthesis of some non-clay species, such as polyphosphates and small organic 
compounds. Natural selection favored these lineages of clays because the organic 
compounds they produce catalyzed the clay formation. Multiple-step pathways of 
high specificity, including chiral stereoselection, arose through specific adsorption, 
followed by the appearance of polymers of specified sequence, at first serving only 
structural roles. Base-paired polynucleotides replicated, giving rise to secondary 
and minor genetic material. This secondary material proved to be useful in the 
alignment of amino acids for polymerization. The ability to produce specific 
enzymes came concomitantly with the ability to produce sequence-specified poly- 
peptides and proteins. More-efficient pathways of organic synthesis ensued, and 
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finally the clay machinery was dispensed with in favor of a polynucleotide-based 
replication-translation system. Although each step of the hypothetical sequence of 
events was developed in detail, the scenario has not been supported by experimen- 
tal facts. 



1.2 

Reconstructing Life in a Test Tube 

It is now a generally accepted conception that life emerged in water and that the 
first self-reproducing molecules and their precursors were probably organic mol- 
ecules built up with carbon atom skeletons. Organic molecules were formed from 
gaseous molecules containing carbon atoms (methane, carbon dioxide, carbon 
monoxide), nitrogen atoms (nitrogen, ammonia), or sulfur atoms (hydrogen sul- 
fide, sulfur oxide). The energy for these reactions came from electric discharges, 
cosmic and UV radiation, or heat. 

1.2.1 

The Quest for Organic Molecules 
1.2.1.1 Terrestrial Production 

In 1953, Stanley Miller exposed a mixture of methane, ammonia, hydrogen, and 
water to electric discharges to mimic the effects of lightning. Among the com- 
pounds formed, he identified 4 of the 20 naturally occurring amino acids, the 
building blocks of proteins. Since this historic experiment, 17 natural amino acids 
have been obtained via the intermediate formation of simple precursors, such as 
hydrogen cyanide and formaldehyde. It has been shown that spark discharge 
synthesis of amino acids occurs efficiently when a reducing gas mixture containing 
significant amounts of hydrogen is used (see Chapter 3). However, the true 
composition of the primitive Earth atmosphere remains unknown. Today, geo- 
chemists favor a non-reducing atmosphere dominated by carbon dioxide. Under 
such conditions, the production of amino acids appears to be very limited. Strongly 
reducing environments capable of reducing carbon dioxide were necessary for the 
synthesis of amino acids. 

Deep-sea hydrothermal systems may represent suitable reducing environments 
for the synthesis of prebiotic organic molecules. The ejected gases contain carbon 
dioxide, carbon monoxide, sulfur dioxide, nitrogen, and hydrogen sulfide. For 
instance, high concentrations of hydrogen (more than 40% of the total gas) and 
methane have been detected in the fluids of the Rainbow ultramafic hydrothermal 
system of the Mid-Atlantic Ridge. The production of hydrogen, a highly reducing 
agent favoring prebiotic syntheses, is associated with the hydrous alteration of 
olivine into serpentine and magnetite, a reaction known as "serpentinization." 
Indeed, hydrocarbons containing 16 to 29 carbon atoms have been detected in 
these hydrothermal fluids. Amino acids have been obtained, although in low yields, 
under conditions simulating these hydrothermal vents. 
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According to Wachtershauser (1994), primordial organic molecules formed near 
the hydrothermal systems; the energy source required to reduce the carbon dioxide 
might have been provided by the oxidative formation of pyrite (FeS 2 ), from iron 
sulfide (FeS) and hydrogen sulfide (H 2 S). Pyrite has positive surface charges and 
bonds the products of carbon dioxide reduction, giving rise to a two-dimensional 
reaction system, a "surface metabolism." Laboratory work has provided support for 
this promising new "metabolism-first" approach. Iron sulfide, hydrogen sulfide, 
and carbon dioxide react under anaerobic conditions to produce hydrogen and a 
series of thiols, including methanethiol. Methanethiol and acetic acid have also 
been obtained from carbon monoxide, hydrogen sulfide, iron and nickel sulfides, 
and catalytic amounts of selenium. Under specific conditions, thioesters are 
formed that might have been the metabolic driving force of a "thioester world," 
according to de Duve (1998). Thioesters are sulfur-bearing organic compounds that 
presumably would have been present in a sulfur-rich, volcanic environment on the 
early Earth. 

Hydrothermal vents are often disqualified as efficient reactors for the synthesis 
of bioorganic molecules because of their high temperature. However, the products 
that are synthesized in hot vents are rapidly quenched in the surrounding cold 
water, which may preserve those organics formed. 

1.2.1.2 Delivery of Extraterrestrial Organic Molecules 

Comets and meteorites may have delivered important amounts of organic mole- 
cules to the primitive Earth (see Chapter 3). Nucleic acid bases, purines, and 
pyrimidines have been found in the Murchison meteorite. One sugar (dihydroxy- 
acetone), sugar alcohols (erythritol, ribitol), and sugar acids (ribonic acid, gluconic 
acid) have been detected in the Murchison meteorite, but ribose, the sugar moiety 
of ribonucleotides, themselves the building blocks of RNAs (see Chapter 4), has not 
been detected. 

Eight proteinaceous amino acids have been identified in one such meteorite, 
among more than 70 amino acids found therein. Cronin and Pizzarello (1997) found 
an excess of about 9 % of L-enantiomers for some non-protein amino acids detected 
in the Murchison meteorite. The presence of L-enantiomeric excesses in these 
meteorites points towards an extraterrestrial process of asymmetric synthesis of 
amino acids asymmetry that is preserved inside the meteorite. These excesses may 
help us to understand the emergence of biological asymmetry or one-handedness. 
The excess of one-handed amino acids found in the meteorites may result from the 
processing of the organic mantles of the interstellar grains from which the meteorite 
was originally formed. That processing could occur, for example, by the effects of 
circularly polarized synchrotron radiation from a neutron star, a remnant of a 
supernova. On the other hand, strong infrared circular polarization, resulting 
from dust scattering in reflection nebulae in the Orion OMC-1 star formation region, 
has been observed by Bailey. Circular polarization at shorter wavelengths might have 
been important in inducing this chiral asymmetry in interstellar organic molecules 
that could be subsequently delivered to the early Earth. 
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Dust collection in the Greenland and Antarctic ice sheets and its analysis by 
Maurette show that the Earth captures interplanetary dust as micrometeorites at a 
rate of about 20 000 tons per year. About 99% of this mass is carried by micro- 
meteorites in the 50-500 \mi size range. This value is much higher than the most 
reliable estimate of the normal meteorite flux, which is about 10 tons per year. A 
high percentage of micrometeorites in the 50-100 [j,m size range have been ob- 
served to be unmelted, indicating that a significant fraction traversed the terrestrial 
atmosphere without drastic heating. In this size range, the carbonaceous micro- 
meteorites represent 20% of the incoming micrometeorites, and they contain 2.5% 
carbon on average. This flux of incoming micrometeorites might have brought to 
the Earth about 2.5 x 10 22 g carbon over the period corresponding to the late heavy 
bombardment. As inferred from the lunar craters, during this period planetesimals, 
asteroids, and comets impacted the Earth until about 3.85 billion years ago (see 
Chapter 2). For comparison, this delivery represents more carbon than is in the 
present surficial biomass, which amounts to about 10 18 g. In addition to organic 
compounds, these grains contain a high proportion of metallic sulfides, oxides, and 
clay minerals that belong to various classes of catalysts. In addition to the carbona- 
ceous matter, micrometeorites might also have delivered a rich variety of catalysts. 
These may have functioned as tiny chemical reactors when reaching oceanic water. 

On 15 January 2006, the Stardust reentry probe brought cometary grains to the 
Earth for the first time. The preliminary analyses of these grains from comet Wild- 
2 confirmed that micrometeorites are probably witnesses of a chemical continuum 
- via the cometary grains - from the interstellar medium, where they form, to 
terrestrial oceans. Comets are the richest planetary objects in organic compounds 
known so far. Ground-based observations have detected hydrogen cyanide and 
formaldehyde in the coma of comets. 

In 1986, onboard analyses performed by the two Russian missions Vega 1 and 
Vega 2, as well as observations obtained by the European mission Giotto and the 
two Japanese missions Suisei and Sakigake, demonstrated that Halley's Comet 
shows substantial amounts of organic material. On average, dust particles ejected 
from Halley's nucleus contain 14% organic carbon by mass. About 30% of 
cometary grains were dominated by the light elements C, H, O, and N, and 35% 
are close in composition to the carbon-rich meteorites. The presence of organic 
molecules, such as purines, pyrimidines, and formaldehyde polymers, has been 
inferred from the fragments analyzed by the Giotto PICCA and Vega PUMA mass 
spectrometers. However, there was no direct identification of the complex organic 
molecules probably present in the cosmic dust grains and in the cometary nucleus. 

Many chemical species of interest for exobiology were detected in Comet Hya- 
kutake in 1996, including ammonia, methane, acetylene (ethyne), acetonitrile 
(methyl cyanide), and hydrogen isocyanide. The study of the Hale-Bopp Comet 
in 1997 led to the detection of methane, acetylene, formic acid, acetonitrile, hydro- 
gen isocyanide, isocyanic acid, cyanoacetylene, formamide, and thioformaldehyde. 

It is possible, therefore, that cometary grains might have been an important 
source of organic molecules delivered to the primitive Earth. Comets orbit on 
unstable trajectories and sometimes collide with planets. The collision of Comet 
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Shoemaker- Levy 9 with Jupiter in July 1994 is a recent example of such an event. 
Such collisions were probably more frequent 4 billion years ago, when the comets 
orbiting around the Sun were more numerous than today. By impacting the Earth, 
comets probably delivered a substantial fraction of the terrestrial water (about 35 % 
according to the estimation of Owen based on the relative contents in hydrogen and 
deuterium) in addition to organic molecules. The chemistry that is active at the 
surface of a comet is still poorly understood. The European mission Rosetta, 
launched in 2004, will analyze the nucleus of the comet 67 P/Churyumov-Ger- 
asimenko. The spacecraft will first study the environment of the comet during a 
fiyby over several months, and then a probe will land to analyze the surface and the 
subsurface ice sampled by drilling. 

1.2.2 

Space Experiments 

Ultraviolet (UV) irradiation of dust grains in the interstellar medium may result in 
the formation of complex organic molecules. The interstellar dust particles are 
assumed to be composed of silicate grains surrounded by ices of different mole- 
cules, including carbon-containing molecules (see Chapter 3). In a laboratory 
experiment, ices of H 2 0, C0 2 , CO, CH 3 OH, and NH 3 were deposited at 12 K under 
a pressure of 10~ s Pa (10~ 7 mbar) and were then irradiated by electromagnetic 
radiation representative of that in the interstellar medium. The solid layer that 
developed on the solid surface was analyzed by enantioselective gas chromatog- 
raphy coupled with mass spectrometry (GC-MS). After the analytical steps of 
extraction, hydrolysis, and derivatization, 16 amino acids were identified in the 
simulated ice mantle of interstellar dust particles. These experiments confirmed 
the preliminary amino acid formation obtained first by Greenberg. The chiral 
amino acids were identified as being totally racemic (consisting of equal amounts 
of D- and L-enantiomers). Parallel experiments performed with 13 C-containing 
substitutes definitely excluded contamination by biological amino acids. The 
results strongly suggest that amino acids are readily formed in interstellar space. 

Before reaching the Earth, organic molecules are exposed to UV radiation, both 
in interstellar space and in the Solar System. Amino acids have been exposed in 
Earth orbit to study their survival in space. The UV flux of wavelengths <206 nm in 
the diffuse interstellar medium is about 10 8 photons cm -2 s -1 . In Earth orbit, the 
corresponding solar flux is in the range of 10 16 photons cm -2 s -1 . This means that 
an irradiation over one week in Earth orbit corresponds to that over 275 000 years in 
the interstellar medium. Thin films of amino acids, like those detected in the 
Murchison meteorite, have been exposed to space conditions in Earth orbit within 
the BIOPAN facility of the European Space Agency (ESA) onboard the unmanned 
Russian satellites Foton 8 and Foton 1 1 (see Chapter 11). Aspartic acid and glutamic 
acid were partially destroyed during exposure to solar UV. However, decomposi- 
tion was prevented when the amino acids were embedded in clays. 

Amino acids and peptides have also been subjected to solar radiation outside the 
MIR station for 97 days. After three months of exposure, about 50% of the amino 
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acids were destroyed in the absence of mineral shielding. Peptides exhibited a 
noticeable sensitivity to space vacuum, and sublimation effects were detected. 
Decarboxylation was found to be the main effect of photolysis. No polymerization 
occurred and no racemization (the conversion of L- or D-amino acids into a racemic 
mixture) was observed. Some samples were embedded into mineral material 
(montmorillonite clay, basalt, or Allende meteorite) when exposed to space. Among 
the different minerals, the meteoritic powder offered the best protection, whereas 
the clay montmorillonite was the least efficient. Different thicknesses of meteorite 
powder films were used to estimate the shielding threshold. Significant protection 
from solar UV radiation was observed when the thickness of the meteorite mineral 
was 5 um or greater. 

1.2.3 

Attempts to Recreate Life in a Test Tube 

By analogy with contemporary living systems, it was long considered that primitive 
life emerged as cellular entities, requiring boundary molecules able to isolate the 
system from the aqueous environment (membrane). Further, catalytic molecules 
would be needed to provide the basic chemical work of the cell (enzymes), as well as 
information-retaining molecules that allow the storage and transfer of the infor- 
mation needed for replication (RNA). 

Fatty acids are known to form vesicles when the hydrocarbon chains contain more 
than 10 carbon atoms. Such vesicle-forming fatty acids have been identified in the 
Murchison meteorite by Deamer (1985). However, the membranes obtained with 
these simple amphiphiles are not stable over a broad range of conditions. Stable 
neutral lipids can be obtained by condensing fatty acids with glycerol or with glycerol 
phosphate, thus mimicking the stable contemporary phospholipid. Primitive mem- 
branes also could initially have been formed by simple isoprene derivatives. 

Most of the catalytic chemical reactions in a living cell are achieved by proteina- 
ceous enzymes made of 20 different homochiral L-amino acids. Amino acids were 
most likely available on the primitive Earth as complex mixtures, but the formation 
of mini-proteins from the monomers in water is not energetically favored. Because 
the peptide bond of proteins is thermodynamically unstable in water, it requires an 
energy source, such as heat or condensing chemicals, to link two amino acids 
together in an aqueous milieu. Oligoglycines up to the octamer have been obtained 
from glycine in a flow reactor simulating hydrothermal circulation. These com- 
pounds were formed by repeatedly circulating solutions of glycine and CuCl 2 from 
a high-pressure, high-temperature chamber to a high-pressure, low-temperature 
chamber, simulating conditions in a hydrothermal vent. Clays and salts may also 
be used to condense free amino acids in water. When subjecting mixtures of 
glycine and kaolinite to wet-dry cycles and 25-94 °C temperature fluctuations, 
the formation of oligopeptides up to five glycines long has been observed. 

Bulk thermal condensation of amino acids has been described by Fox, who has 
shown that dry mixtures of amino acids polymerize when heated to 130°C to give 
"proteinoids." In the presence of polyphosphates, the temperature can be decreased 
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to 60 °C. High molecular weights were obtained when an excess of acidic or basic 
amino acids was present. In aqueous solutions, the proteinoids aggregated sponta- 
neously to form microspheres of 1-2 um, presenting an interface resembling the 
lipid bilayers of living cells. The microspheres increased slowly in size from dis- 
solved proteinoids and were sometimes able to bud and to divide. These micro- 
spheres were described as catalyzing the decomposition of glucose and were able to 
work as esterases and peroxidases. The main advantage of proteinoids is their 
organization into particles, but they also represent a dramatic increase in complexity. 

The number of condensing agents capable of assembling amino acids into 
peptides in water is limited, especially when looking for prebiotically plausible 
compounds. Carbodiimides, having a general formula R-N=C=N-R', power the 
ligation of both glutamic and aspartic acids on hydroxyapatite. The simplest 
carbodiimide, H-N=C=N-H, can be considered a transposed form of cyanamide 
(NH 2 -CN), which is present in the interstellar medium. In water, cyanamide forms 
a dimer, dicyandiamide, which is as active as carbodiimides in forming peptides. 
However, the reactions are very slow and do not proceed beyond the tetrapeptide. 

Oligomers of glutamic acid greater than 45 amino acids in length were formed 
on hydroxyapatite and illite after 50 feedings with glutamic acid and the condens- 
ing agent carbonyldiimidazole (Im-CO-Im). Amino acid adenylate anhydrides have 
been reported to condense readily in the presence of montmorillonite. According to 
de Duve (1998), the first peptides may have appeared via thioesters, which generate 
short peptides in the presence of mineral surfaces. Among the most effective 
activated amino acid derivatives for the formation of oligopeptides in aqueous 
solution are the N-carboxyanhydrides. 

Chemical reactions capable of selectively condensing protein amino acids more 
readily than non-protein ones have been described. Helical and sheet structures 
may be modeled with the aid of only two different amino acids, the first one being 
hydrophobic and the second hydrophilic. Polypeptides with alternating hydro- 
phobic and hydrophilic residues adopt a water-soluble p-sheet geometry because 
of hydrophobic side-chain clustering. Because of the formation of p-sheets, alter- 
nating sequences display a good resistance toward chemical degradation. Aggre- 
gation of alternating sequences into p-sheets is possible only with homochiral (all 
L or all D) polypeptides, as demonstrated by this author at the Centre de Bio- 
physique Moleculaire in Orleans, France. Short peptides have also been found to 
exhibit catalytic properties. 

In contemporary living systems, the hereditary memory is stored in nucleic acids 
built up with bases (purine and pyrimidine), sugars (ribose for RNA, deoxyribose 
for DNA), and phosphate groups. The accumulation of significant quantities of 
natural RNA nucleotides does not appear to be a plausible chemical event on the 
primitive Earth. Purines are easily obtained from hydrogen cyanide or by subject- 
ing reduced gas mixtures to electric discharges. No successful pyrimidine synthesis 
from electrical discharges has been published so far, whereas hydrogen cyanide 
affords only very small amounts of these bases. Condensation of formaldehyde 
leads to ribose as well as a large number of other sugars. Although the synthesis of 
purine nucleosides (the combination of purine and ribose) and of nucleotides has 
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been achieved by heating the components in the solid state, the yields are very low 
and the reactions are not regioselective. Interestingly, very effective montmorillon- 
ite-catalyzed condensation of nucleotides into oligomers up to 55 monomers long 
has been reported by Ferris from nucleoside phosphorimidazolides. 

The synthesis of oligonucleotides is much more efficient in the presence of a 
preformed, pyrimidine-rich polynucleotide acting as a template. Non-enzymatic 
replication has been demonstrated by Orgel. The preformed chains align the 
nucleotides by base-pairing to form helical structures that bring the reacting 
groups into close proximity. However, the prebiotic synthesis of the first oligonu- 
cleotide chains remains an unsolved challenge. 

1.2.4 

A Primitive Life Simpler than a Cell? 

Thomas Cech found that some RNAs, the ribozymes, have catalytic properties (see 
Chapter 4). For example, they increase the rate of hydrolysis of oligoribonucleotides. 
They also act as polymerization templates, because chains up to 30 monomers long 
can be obtained starting from a pentanucleotide. Since this primary discovery, the 
catalytic spectrum of these ribozymes has been considerably enlarged by the directed 
test tube molecular evolution experiments initiated in the laboratories of Gerald 
Joyce and Jack Szostak. Since RNA was shown to be able to act simultaneously as 
genetic material and as a catalyst, RNA has been considered the first living system on 
the primitive Earth (the "RNA world"). This is because it can simultaneously be the 
genotype and the phenotype and can fulfill the basic cycle of life consisting of self- 
replication, mutation, and selection. Strong evidence for this proposal has been 
obtained from the discovery that modern protein synthesis in the ribosome is 
catalyzed by RNA. One should, however, remember that RNAs synthesis under 
prebiotic conditions remains an unsolved challenge. It seems unlikely that life 
started with RNA molecules, because these molecules are not simple enough. The 
RNA world appears to have been an episode in the evolution of life before the 
appearance of cellular microbes rather than the spontaneous birth of life. 

RNA analogues and surrogates have been studied. The initial proposal was that 
the first RNA was a flexible, achiral derivative in which ribose was replaced by 
glycerol, but these derivatives did not polymerize under prebiotic conditions. The 
ease of forming pyrophosphate (double phosphate) bonds prompted investigation 
of linking nucleotides by pyrophosphate groups. This proposal was tested using the 
reactions of the diphosphorimidazolides of deoxynucleotides. Their reaction in the 
presence of magnesium or manganese ions resulted in the formation of 10-20 
mers of the oligomers. 

Considering the ease of formation of hexose-2,4,6-triphosphates from glycolal- 
dehyde phosphate in a process analogous to the formose reaction, Eschenmoser 
and coworkers chemically synthesized polynucleotides containing hexopyranose 
ribose (pyranosyl-RNA or p-RNA) in place of the usual "natural" pentofuranose 
ribose found in RNA. p-RNAs form Watson-Crick-paired double helices that are 
more stable than RNA. Furthermore, the helices have only a weak twist, which 
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should make it easier to separate strands during replication. Replication experi- 
ments have had marked success in terms of sequence copying but have failed to 
demonstrate template-catalysis turnover numbers greater than 1. The chemical 
synthesis of threo furanosyl nucleic acid (TNA), an RNA analogue built on the 
furanosyl form of the tetrose sugar threose, was also reported by the Eschenmoser 
group. TNA strands are much more stable in aqueous solution than RNA and are 
resistant to hydrolysis. They form complementary duplexes between complemen- 
tary strands. Moreover, of even greater potential importance, they form comple- 
mentary strands with RNA. This raises the possibility that TNAs could have served 
as templates for the formation of complementary RNAs by template-directed 
synthesis. TNA is a more promising precursor to RNA than p-RNA, because 
tetroses have the potential to be synthesized from glycolaldehyde phosphate and 
two other carbon precursors, which may have been present in quantities greater 
than those of ribose on the primitive Earth. 

Peptide nucleic acids (PNA), first synthesized by Nielsen and coworkers, consist 
of a peptide-like backbone to which nucleic acid bases are attached. PNAs form very 
stable double-helical structures with complementary strands of PNA (PNA-PNA), 
DNA (PNA-DNA), RNA (PNA-RNA), and even stable PNA 2 -DNA triple helices. 
Information can be transferred from PNA to RNA, and vice versa, in template- 
directed reactions. Although PNA hydrolyzes rather rapidly, thus considerably 
restricting the chances of PNA ever having accumulated in the primitive terrestrial 
oceans, the PNA-PNA double helix illustrates that genetic information can be 
stored in a broad range of double-helical structures. 

Chemists are also tempted to consider that primitive self-replicating systems 
must have used simpler informational molecules than biological nucleic acids or 
their analogues. Because self-replication is, by definition, autocatalysis, they are 
searching for simple autocatalytic molecules capable of mutation and selection. 
Reza Ghadiri tested peptides as possible templates, and non-biological organic 
molecules have been screened by Gunter von Kiedrowski. In most cases, the rate of 
the autocatalytic growth was not linear. The initial rate of autocatalytic synthesis 
was found to be proportional to the square root of the template concentration: the 
reaction order in these autocatalytic self-replicating systems was found to be 1/2 
rather than 1, a limiting factor as compared to most autocatalytic reactions known 
so far. Autocatalytic reactions are particularly attractive because they might amplify 
small enantiomeric excesses, eventually extraterrestrial, to homochirality. 

1.3 

The Search for Traces of Primitive Life 

1.3.1 

Microfossils 

The first descriptions of fossil microorganisms in the oldest, well-preserved sedi- 
ments (3.5-3.3 billion years old) from Australia and South Africa were made by 
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William Schopf and Elso Barghoorn. Although their observations have been called 
into question, Westall and others have more recently established that life was 
abundant in these rocks. From a theoretical point of view, the earliest forms of life 
would most likely have had a chemolithoautotrophic metabolism, using inorganic 
materials as a source of both carbon and energy. Evidence for the presence of 
chemolithotrophs in the hydrothermal deposits from Barberton and the Pilbara 
comes from the N and C isotopic data. Considering the high temperatures on the 
early Earth, it is probable that the earliest microorganisms were thermophilic. 
Structures resembling oxygenic photosynthetic microorganisms such as cyanobac- 
teria have been described, and carbon isotope data have been interpreted as 
evidence for their presence. However, these interpretations are strongly disputed. 
Nevertheless, the fact that the microorganisms inhabiting the early Archean 
environments of Barberton (South Africa) and Pilbara (Australia) formed mats 
in the photic zone suggests that some of them may already have developed 
anoxygenic photosynthesis. 

1.3.2 

Oldest Sedimentary Rocks 

The oldest sedimentary rocks occur in southwest Greenland and have been dated at 
3.8-3.85 billion years by Manfred Schidlowski and Stephen Mozsis. The old sedi- 
ments testify to the presence of permanent liquid water on the surface of the Earth 
and to the presence of carbon dioxide in the atmosphere. They contain organic 
carbon. Minik Rosing found that the isotopic signatures of the organic carbon 
found in Greenland meta-sediments provide indirect evidence that life may be 3.85 
billion years old. Taking the age of the Earth as about 4.6 billion years, this means 
that life must have begun quite early in Earth's history. Although there are serious 
reservations concerning these studies (contamination by more recent fossilized 
endoliths, 12 C enrichment produced by thermal decomposition of siderite and 
metamorphic processes), stepped combustion analysis by Mark von Zuilen has 
verified the existence of the 12 C enrichment in these sediments. 



1.4 

The Search for Life in the Solar System 

1.4.1 

Planet Mars and the SNC Meteorites 

The mapping of Mars by the spacecrafts Mariner 9, Viking 1 and Viking 2, Mars 
Global Surveyor, and Mars Express revealed channels and canyons resembling dry 
riverbeds (see Chapter 8). The gamma-ray spectrometer instrument onboard the 
Mars orbiter Odyssey detected hydrogen, which indicates the presence of water ice 
in the upper meter of soil in a large region surrounding the planet's south pole, 
where ice is expected to be stable. The amount of hydrogen detected indicates 20- 
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50 % ice by mass in the lower layer beneath the topmost surface. The ice-rich layer 
is about 60 cm beneath the surface at latitude 60 °S and approaches 30 cm of the 
surface at latitude 75 °S. The ancient presence of liquid water on the surface of 
Mars was confirmed by the two American Mars Exploration Rovers (MER A and B), 
Spirit and Opportunity, and by the presence of sulfates and clays revealed by the 
infrared spectrometer OMEGA onboard the European Mars orbiter Mars Express. 
However, Martian oceans were probably restricted to the very early stages of 
Martian history. Mars therefore possessed an atmosphere capable of decelerating 
carbonaceous micrometeorites, and chemical evolution may have been possible on 
the planet. 

The Viking 1 and Viking 2 lander missions were designed to address the question 
of extant (rather than extinct) life on Mars (see Chapter 5). Three experiments were 
selected to detect metabolic activity, such as photosynthesis, nutrition, and respi- 
ration of potential microbial soil communities. The results were ambiguous, 
because although "positive" results were obtained, no organic carbon was found 
in the Martian soil by gas chromatography-mass spectrometry (GC-MS). It was 
concluded that the most plausible explanation for these results was the presence at 
the Martian surface of highly reactive oxidants, such as hydrogen peroxide, which 
would have been photochemically produced in the atmosphere. Direct photolytic 
processes were suggested to be responsible for the degradation of organics at the 
Martian surface. Because the Viking landers could not sample soils below 6 cm, the 
depth of this apparently organic-free and oxidizing layer is still unknown. More 
information is expected from the upcoming lander missions to Mars: the U. S. 
Mars Science Laboratory (MSL) to be launched in 2009 and the European ExoMars 
mission to be launched in 2013 (see Chapter 12). 

There are Martian rocks on Earth represented by a small group of meteorites of 
igneous (volcanic) origin, known as the SNC meteorites (after their type specimens 
Shergotty, Nakhla, and Chassigny), that had comparatively young crystallization 
ages, equal to or less than 1.3 billion years (see Chapter 8). One of these meteorites, 
designated EETA79001, was found in Antarctica in 1979. It had gas inclusions 
trapped within a glassy component. Both compositionally and isotopically, this gas 
matched the makeup of the Martian atmosphere, as measured by the Viking mass 
spectrometer. The data provide a very strong argument that at least that particular 
SNC meteorite came from Mars, representing the product of a high-energy impact 
that ejected material into space. There are now 34 SNC meteorites known in total. 

Two of the SNC meteorites, EETA79001 and ALH84001, supply new and highly 
interesting information. A subsample of EETA79001, excavated from deep within 
the meteorite, has been subjected to stepped combustion. The C0 2 release from 
200-400 °C suggested the presence of organic molecules. The carbon is enriched in 
12 C, and the carbon isotope difference between the organic matter and the carbo- 
nates in Martian meteorites is greater than that observed on Earth. This could be 
indicative of biosynthesis, although some as yet unknown abiotic processes could 
perhaps explain this enrichment. David McKay has reported the presence of other 
features in ALH84001 that may represent a signature of relic biogenic activity on 
Mars, but this biological interpretation is strongly questioned. 
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Because Mars had a presumably "warm" and wet past climate, it should have 
sedimentary rocks deposited by running and/or still water on its surface as well as 
layers of regolith generated by impacts. Such consolidated sedimentary rocks 
therefore ought to be found among the Martian meteorites. However, no such 
sedimentary material has been found in any SNC meteorite. It is possible that they 
did survive the effects of the escape acceleration from the Martian surface but did 
not survive terrestrial atmospheric entry because of decrepitation of the cementing 
mineral. The "STONE" experiment, flown by ESA, was designed to study precisely 
such physical and chemical modifications to sedimentary rocks during atmospher- 
ic entry from space (see Chapter 11). A piece of basalt (representing a standard 
meteoritic material), a piece of dolomite (sedimentary rock), and an artificial 
Martian regolith material (80% crushed basalt and 20% gypsum) were embedded 
into the ablative heat shield of the satellite Foton 12, which was launched on 9 
September 1999 and landed on 24 September 1999. Such an experiment had never 
been performed before, and the samples, after their return, were analyzed for their 
chemistry, mineralogy, and isotopic compositions by a European consortium. 
Atmospheric entry modifications are made visible by reference to the untreated 
samples. The results suggest that some Martian sedimentary rocks might, in part, 
survive terrestrial atmospheric entry from space. 

Even if convincing evidence for ancient life in ALH84001 has not been estab- 
lished, the two SNC meteorites (EETA79001 and ALH84001) do show the presence 
of organic molecules. This suggests that the ingredients required for the emer- 
gence of primitive life were present on the surface of Mars. Therefore, it is 
tempting to consider that microorganisms may have developed on Mars and lived 
at the surface until liquid water disappeared. Because Mars probably had no plate 
tectonics, and because liquid water seems to have disappeared from Mars' surface 
very early, the Martian subsurface perhaps keeps a frozen record of very early forms 
of life. 

Currently, a very intensive exploration of Mars is planned, and U. S., European, 
Russian, and Japanese missions to Mars are taking place or are in the planning. 
Exobiology interests are included, especially in the analysis of samples from sites 
where the environmental conditions may have been favorable for the preservation 
of evidence of possible prebiotic or biotic processes. The European Space Agency 
(ESA) convened an Exobiology Science Team chaired by this author to design an 
integrated suite of instruments to search for evidence of life on Mars. Priority was 
given to the in situ organic and isotopic analysis of samples obtained by subsurface 
drilling. The basic recommendations of the Exobiology Science Team are presently 
serving as guidelines for the elaboration of the Pasteur exobiology payload of the 
ESA ExoMars mission scheduled for 2013 (see Chapter 12). 

1.4.2 

Jupiter's Moon Europa 

The Jovian moon Europa appears as one of the most enigmatic of the Galilean 
satellites. With a mean density of about 3.0 g cm -3 , the Jovian satellite should be 
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dominated by rocks. Ground-based spectroscopy, combined with gravity data, 
suggests that the satellite has an icy crust, which is kilometers thick, and a rocky 
interior. The images obtained by the Voyager spacecraft in 1979 showed very few 
impact craters on Europa's surface, indicating recent, and probably continuing, 
resurfacing by cryovolcanic and tectonic processes. Recent images of Europa's 
surface, taken by the Galileo spacecraft over 14 months (from December 1997 to 
December 1999), show surface features - iceberg-like rafted blocks, cracks, ridges, 
and dark bands - that are consistent with the presence of liquid water beneath the 
icy crust. Data from Galileo's near-infrared mapping spectrometer show hydrated 
salts that could be evaporites. The most convincing argument for the presence of 
an ocean of liquid water comes from Galileo's magnetometer. The instrument 
detected an induced magnetic field within Jupiter's strong magnetic field. The 
strength and response of the induced field require a near-surface, global conduct- 
ing layer, most likely a layer of salty water (see Chapter 10). 

If liquid water is present within Jupiter's moon Europa, it is quite possible that it 
includes organic matter derived from thermal vents. Terrestrial-like prebiotic 
organic chemistry and primitive life may therefore have developed in Europa's 
ocean. If Europa maintained tidal and/or hydrothermal activity in its subsurface 
until now, it is possible that microbial activity is still present. Thus, the possibility 
of extraterrestrial life present in a subsurface ocean of Europa must seriously be 
considered. The most likely sites for extant life would be at hydrothermal vents 
below the most recently resurfaced area. To study this directly would require 
making a borehole through the ice in order to deploy a robotic submersible. On 
the other hand, biological processes in and around hydrothermal vents could 
produce biomarkers that would be pushed up as traces in cryovolcanic eruptions 
and thereby be available at the surface for in situ analysis or sample return. Mineral 
nutrients delivered through cryovolcanic eruption would make the same locations 
the best candidates for autotrophic life. 

1.4.3 

Saturn's Moon Titan 

Titan's atmosphere was revealed mainly by the Voyager 1 mission in 1980, which 
yielded the bulk composition (90% molecular nitrogen and about 1-8% methane). 
Also, a great number of trace constituents were observed in the form of hydro- 
carbons, nitriles, and oxygen-containing compounds, mostly CO and C0 2 . Titan is 
the only other object in our Solar System bearing any resemblance to our own planet 
in terms of atmospheric pressure, which amounts to 1.5 10 5 Pa (1.5 bar), and 
carbon/nitrogen chemistry. It therefore represents a natural laboratory for studying 
the formation of complex organic molecules on a planetary scale and over geological 
times (see Chapter 9). The European Space Agency's Infrared Space Observatory 
(ISO) has detected tiny amounts of water vapor in the higher atmosphere, but Titan's 
surface temperature (94 K) is much too low to allow the presence of liquid water. 
Although liquid water is totally absent at the surface, the satellite provides a unique 
milieu to study, in situ, the products of the fundamental physical and chemical 
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interactions driving a planetary organic chemistry. Herewith, Titan serves as a 
reference laboratory to study, by default, the role of liquid water in exobiology. 

The NASA-ESA Cassini-Huygens spacecraft launched in October 1997 arrived in 
the vicinity of Saturn in 2004 and performed several flybys of Titan, making 
spectroscopic, imaging, radar, and other measurements. On 14 January 2005, an 
instrumented descent probe managed by European scientists penetrated the at- 
mosphere and systematically studied the organic chemistry in Titan's geofluid. For 
150 min, in situ measurements provided analyses of the organics present in the air, 
in the aerosols, and at the surface. The GC-MS of the Huygens probe measured the 
chemical composition and the isotopic abundances, from an altitude of 140 km 
down to the surface. The main findings are as follows: 

• nitrogen and methane are the main constituents of the 
atmosphere; 

• the isotopic ratio 12 C/ 13 C suggests a permanent supply of 
methane in the atmosphere; 

• the surface is "wetted" by liquid methane and rich in organics 
(cyanogen, ethane); 

• the presence of 40 Ar suggests the existence of internal 
geological activity. 

1.5 

The Search for Life Beyond the Solar System 

1.5.1 

The Search for Rocky Earthlike Exoplanets 

Apart from abundant hydrogen and helium, 114 interstellar and circumstellar 
gaseous molecules have been identified in the interstellar medium (see Chapter 2). 
It is commonly agreed that the catalog of interstellar molecules represents only a 
fraction of the total spectrum of molecules present in space, the spectral detection 
being biased by the fact that only those molecules possessing a strong electric 
dipole can be observed. Among these molecules, 83 contain carbon, whereas only 7 
contain silicon. Silicon has been proposed as an alternative to carbon as the basis of 
life. However, silicon chemistry is apparently less inventive and does not seem to 
be able to generate any life as sophisticated as the terrestrial carbon-based one. May 
these molecules survive the violent accretion phase generating a planetary system? 

The origin and distribution of the molecules from the interstellar medium to the 
planets, asteroids, and comets of the Solar System are presently at the center of a 
debate based on isotope ratios. Some molecules might have survived in cold 
regions of the outer Solar System, whereas others would have been totally reproc- 
essed during accretion. Whatever the case, the interstellar medium tells us that 
organic chemistry is universal. 

What about liquid water? New planets have been discovered beyond the Solar 
System. On 6 October 1995, the discovery of an extrasolar planet, i.e., a planet 
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outside our Solar System, was announced by Michel Mayor and Didier Queloz. The 
planet orbits an 8 billion year old star called 51 Pegasus, 42 light years away within 
the Milky Way. The suspected planet takes just four days to orbit 51 Pegasus. It has 
a surface temperature around 1000°C and a mass about 0.5 the mass of Jupiter. 
One year later, seven other extrasolar planets were identified. Among them, 47 
Ursa Major has a planet with a surface temperature estimated to be around that of 
Mars (-90 to -20 °C), and the 70 Virginis planet has a surface temperature 
estimated at about 70-160 °C. The latter is the first known extrasolar planet whose 
temperature might allow the presence of liquid water. As of May 2006, 193 
exoplanets had been observed. 

1.5.2 

Detecting Extrasolar Life 

Extrasolar life, i.e., life on a planet of a solar system other than our own, will not be 
accessible to space missions in the foreseeable future. The formidable challenge of 
detecting distant life must therefore be tackled by astronomers and radio astron- 
omers. The simultaneous detection of water, carbon dioxide, and ozone (an easily 
detectable telltale signature of oxygen) in the atmosphere would constitute the 
most convincing biomarker but not absolute proof. Other anomalies in the atmos- 
pheres of telluric exoplanets (i.e., rocky Earthlike planets), such as the presence of 
methane, might be the signature of an extrasolar life. European astrophysicists are 
proposing the construction of a flotilla of four free-flying spacecrafts, each con- 
taining an infrared telescope of 3 m in diameter, to search for signs of life on 
terrestrial-like planets. The mission, called Darwin-IRSI, is presently under study 
at ESA. Finally, the detection of an unambiguous electromagnetic signal (via the 
Search for Extraterrestrial Intelligence program) would obviously be an exciting 
event. 



1.6 

Conclusions 

On Earth, life probably appeared about 4 billion years ago, when some assemblages 
of organic molecules in a liquid water medium began to transfer their chemical 
information and to evolve by making a few accidental transfer errors. The number 
of molecules required for those first assemblages is still unknown. The problem is 
that on Earth, those molecules have been erased. If life started on Earth with the 
self-organization of a relatively small number of molecules, its emergence must 
have been fast; therefore, the chance of the appearance of life on any appropriate 
celestial bodies might be real. On the other hand, if the process required thousands 
of different molecules, the event risks being unique and restricted to the Earth. 

The discovery of a second independent genesis of life on a body presenting 
environmental conditions similar to those prevailing on the primitive Earth would 
strongly support the idea of a rather simple genesis of terrestrial life. More than 



J. 7 Further Reading 21 



just a societal wish, the discovery of a second genesis of life is a scientific need for 
the study of the origin of life. It will demonstrate that life is not a magic, one-shot 
process but a rather common phenomenon. Many scientists are convinced that 
microbial life is not restricted to the Earth, but such conviction now needs to be 
supported by facts. 
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From the Big Bang to the Molecules of Life 

Harry J. Lehto 



This chapter deals with the evolution of the Universe that predates 
both chemical evolution and the evolution of life. First, the origin 
of the elements critical for life is reviewed. The origin of hydrogen 
and helium is explained from cosmological models. Hydrogen is 
required when water is formed. Helium, which appears quite 
useless for life, turns out to be critical in the stellar synthesis of 
carbon leading to heavier elements. The second constituent of 
water, oxygen, is also formed in the hot cores of stars. Once these 
elements are expelled from stars back into the cool interstellar 
space, they get mixed into the interstellar clouds resulting in a vast 
spectrum of molecules. The observed properties of these molecules 
and of the larger dust particles are reviewed. They play an impor- 
tant role in the formation of planets in the accretion disks of metal- 
rich populations of stars. This material, which is reprocessed by the 
newly formed stars and other planets in the planetary system, 
"rains" on the young planet in the form of meteorites, comets, and 
asteroids, creating a supply of raw materials for the prebiotic 
evolution and the eventual biological evolution of life. These 
processes are considered in the light of the formation of the Earth. 



2.1 

Building Blocks of Life 

Life as we know it is made of compartments, the cells. Within all cells similar 
molecules are found, no matter which cell is considered. 

• Water (H 2 0) is the basis for the cytoplasm of all cells: all the 
essential biological reactions take place in water. Water is also 
essential for transport of nutrients and waste. The elements 
in water are quite obviously hydrogen (H) and oxygen (O) (see 
Chapter 1). 

• Nucleic acids (DNA and RNA) are essential to present life 
forms in providing instructions on how to build proteins and 
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in transferring this information from one generation of cells 
to the next. Nucleic acids are long polymers that consist of 
nucleotide bases - cytosine, guanine, thymine, and adenine 
in DNA and cytosine, guanine, uracil, and adenine in RNA - 
joined by a backbone formed by a sugar - deoxyribose in DNA 
or ribose in RNA containing five carbon atoms - and a 
phosphate group, connecting the adjacent sugars. The ele- 
ments found in the nucleic acids are carbon (C), H, nitrogen 
(N), O, and phosphorus (P) (see Chapters 3 and 4). 

• Amino acids are the building blocks of proteins. They are also 
quite complex molecules that are exclusively made of C, H, N, 
O, and sulfur (S) (see Chapter 3). 

• Lipids are the fundamental molecules in cellular membranes. 
Normally, membranes are bi-layered with water-attracting 
(hydrophilic) layers on the outside and water-repelling (hy- 
drophobic) layers in the "internal" layers. The hydrophobic 
layers are hydrocarbon chains, and the hydrophilic ends 
usually contain phosphate groups. The main elements in 
lipids are C and H, but O, N, and P are also used in the 
hydrophilic ends. 

• Carbohydrates, comprising sugars, starches, collagens, or 
cellulose, are important for all life forms. Carbohydrates are 
energy-rich compounds that function as energy-storage and 
structural compounds in cells. On the first level, they are 
produced by autotrophic life forms by reducing C0 2 , either by 
using energy derived from geochemical compounds or by 
binding solar energy. The sugars deoxyribose and ribose play 
an essential role in forming the backbone of the DNA and 
RNA. The essential elements in carbohydrates are C, H, and O. 

During the dawn of life the prebiotic formation of these complex molecules took 
place through simpler precursor molecules. These are most likely H 2 0, form- 
aldehyde (H 2 CO), hydrogen cyanide (HCN), small sugars (CH 2 0) n , ammonia 
(NH 3 ), methane (CH 4 ), and other hydrocarbons -(CH 2 ) n - (see Chapter 3). 

Six elements, namely C, H, O, N, S, and P, make up 98% of all living tissue. They 
are the most important elements of known life. The remaining 2 % of living tissue 
is made of other elements. The exact list of trace elements differs somewhat among 
authors. There is common agreement that the most important trace elements are 
sodium (Na), chlorine (CI), potassium (K), fluorine (F), calcium (Ca), iodine (I), 
magnesium (Mg) and iron (Fe). Ca and F are needed for external skeletons; K, Na, 
CI, and I for nervous systems; and Mg and Fe for chlorophyll and hemoglobin, 
respectively. K, Na, and CI are needed for maintaining the correct osmotic pressure 
of cells. 

Some authors suggest a list of less important trace elements, such as boron (B), 
aluminum (Al), silicon (Si), chromium (Cr), manganese (Mn), copper (Cu), zinc 
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(Zn), selenium (Se), strontium (Sr), molybdenum (Mo), silver (Ag), tin (Sn), lead 
(Pb), nickel (Ni), bromine (Br), and vanadium (V). Other authors would remove 
some elements or add some other ones. The need for specific trace elements 
depends on the species and its environment. 

In summary, one may conclude that approximately 25-30 elements are needed 
for life. The remaining 80 elements are not essential and often turn out to be 
detrimental to life. 



2.2 

Big Bang: Formation of H and He 

At the beginning, the Universe was small, dense, and hot and there were no 
elements. What happened during the first 10~ 43 seconds is beyond the realm of 
physics. At 10 -43 seconds the temperature was 10 19 GeV (for convenience, 1 eV k' 1 
-11 605 K, so 1 GeV corresponds to 10 13 K; fe is the Boltzmann constant). Hence, 
10 19 GeV corresponds to a temperature of 10 32 K, a number so high that it is hard to 
imagine. 

When considering the evolution of the early Universe, the single most important 
parameter is temperature. The physics of the early Universe is easiest to under- 
stand in terms of temperature because equations of state of its different compo- 
nents are most conveniently calculated as a function of temperature. The begin- 
ning of the Universe took place some 13.7 ± 0.15 billion years ago. The Universe 
started to expand immediately (Fig. 2.1). 

The Universe was dominated by radiation. Elementary particles changed con- 
tinuously to radiation and vice versa. At 10 GeV, when 0.01 (.is had elapsed, 
particles called bosons started to decouple from radiation; protons, neutrons, 
and mesons began to form. This continued until temperature fell to about 
100 MeV (10 12 K), when the temperature of the Universe became too low for the 
formation of these particles. At this point all protons, neutrons, and mesons were 
formed. In the meantime, about 100 (is had elapsed. Later, the protons would 
become the nuclei of hydrogen atoms, and neutrons and protons would combine to 
form alpha particles or helium nuclei. The Universe continued expanding and its 
temperature fell. 

Within the next second the temperature fell enough for the formation of 
electron-positron pairs. Most of these pairs annihilated back to radiation, but 
because of an antimatter-matter symmetry, a surplus of electrons was left. 

For astrobiology, the next relevant moment in the evolution of the Universe was 
the time of nucleosynthesis. It started at about 1 s from the beginning, when the 
number of photons in the Universe, with energies smaller than 2.2 MeV, corre- 
sponding to the binding energy of a deuteron (proton + neutron) fell below the 
number of neutrons. The nucleosynthesis continued for about 5 min, until the 
temperature fell to about 70keV (or 8x 10 8 K). The number of neutrons during 
this era was such that there was 1 neutron (n n ) for 7 protons (w p ). This fixed the 
mass ratio of helium (He) to hydrogen (H) at: 
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At that time, almost all neutrons became bound to He. In addition, some light 
nuclei lithium (Li), B, and beryllium (Be), as well as 3 He and deuterium (D), were 
formed around this time. Heavier nuclei did not form because there are no stable 
five-nucleon nuclei and because heavier nuclei would have required the presence of 
He nuclei and even higher temperatures. Within the next few minutes, the He 
nuclei were formed, and the last remaining neutrons decayed with a half lifetime of 
615 s (or a mean lifetime of 886 s). 

When the temperature of the Universe fell to T = 0.8eV or 9284 K (t = 47 000 
years) it was time for photons to decouple from matter. The Universe became 




Fig. 2.1 Evolution of the early Universe (Image credit: ESA). 
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matter dominated. Relatively soon, at T= 0.3 eV or 3 000 K, or 380 000 years from 
the Big Bang, the average background photon encountered its last scattering. 

The distant faint glow of the temperature (and matter) fluctuations of that 
moment can be seen as the cosmic microwave background. Around the time of 
the last scattering, the temperature had fallen enough so that atoms could also 
form. Protons combined with electrons into H, and two electrons and an alpha 
particle formed He atoms. The scale factor (a sort of a measure of size) of the 
Universe at the time was about 0.09 % of the present value. 

The production of light elements in the Big Bang was first calculated in 1948 by 
Ralph Alpher, Hans Bethe and George Gamow. They predicted a microwave 
background radiation of 5 K. This basic idea was then confirmed in 1964 by the 
Nobel-winning, serendipitous observations of background radiation by Penzias 
and Wilson. They measured the temperature to be 3 K. More recently, in 1990, the 
observations from the NASA satellite Cosmic Background Explorer (COBE) showed 
that the radiation spectrum of the cosmic microwave background follows very 
accurately a blackbody spectrum. 

In 2003, the Wilkinson Microwave Anisotropy Probe (WMAP) team led by Charles 
Bennett from John Hopkins University provided the best fit to the temperature of 
the microwave background, with a temperature of T= 2.725 ± 0.002 K. These 
observations were further analyzed by subtracting from each point the average 
spectrum of the sky and by removing the dipole component, which is at a level of 
about 3 mK and is caused by our movement with respect to the microwave back- 
ground. In addition, the galactic contribution to the background was removed - 
this is radiation found mostly on the galactic plane. One was left with temperature 
fluctuations frozen to the background at the time of the last scattering. They show 
up as tiny AT-10 -5 K fluctuations in the background. By measuring the correla- 
tions in these fluctuations over different angular scales over the whole sky down to 
about 0.3 degree, one can calculate a two-point correlation function. This can then 
be compared to various cosmological models. 

The model that best explains the observed distribution is a Universe that 
experienced a rapid expansion or inflation starting at 10~ 35 s from the beginning 
and lasting for 10~ 32 s. Furthermore, the present conditions of the Universe are 
such that it is expanding at a rate of a Hubble constant, which has a measured value 
of H = 71 ± 2 km s" 1 Mpc" 1 (pc = parsec, a unit of astronomical length, with 
1 pc ~ 3 x 10 16 m). The average density of the Universe is equal to the critical 
density within a measurement error of 2%. The critical density is the average 
density of the Universe at which the geometry of the Universe is flat: 

q = 3H 2 /8jiG » 1.0 x 10~ 26 g cm" 3 , (2.2), 

where H = Hubble constant and G = gravitational constant. 

The observed statistical properties of the microwave background have been 
explained by invoking the presence of dark energy. Mathematically, this corre- 
sponds to the cosmological constant, which was introduced to the standard Fried- 
man equations by Albert Einstein. He did not like the idea that the Universe could 
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Fig. 2.2 Components of the Universe. Dark 
energy: 73%; cold dark matter: 23%; baryonic 
matter, which is mostly H and He: 4%; neutri- 
nos: 0.3% (dark gray sector); heavier elements 
such as O, C, and N: 0.04% (white sector). The 
last sector is the sector of life. 



be non-static and added ad hoc his cosmological constant. For decades, this 
constant was considered a curiosity, but now, with the latest microwave data, it 
has become quite useful again. 

About 73 % of the energy density in the Universe is in the form of dark energy. At 
present it is not known what this is physically or theoretically, but it can be mathemati- 
cally understood as the energy density of vacuum. Its presence is also suggested by the 
accelerating expansion rate detected from observations of supernovae and some other 
observations. The remaining 27 % of the energy density is matter. About 85 % of this 
matter is "dark matter." The physical nature of this matter is not yet known, but its 
influence can be seen, e.g., in orbits of stars in galaxies or in the velocity dispersion of 
galaxies in galaxy clusters. The remaining matter (15 % of matter and 4% of the total 
energy density) is baryonic matter, mainly H and He. Heavier elements constitute 1 % 
of the combined H and He mass only. Thus, assuming that the dark energy is real, 
only about 0.04 % of the density of the Universe is in the form of heavier elements such 
as C, N, O, or Fe, which are the elements life is made of (Fig. 2.2). 



2.3 

First Stars: Formation of Small Amounts of C, O, N, S and P and 
Other Heavy Elements 

After the last scattering of the photons, a dark era followed in the Universe 
(Fig. 2.1). No stars existed for another 100-300 million years. It took about that 
time for the first gas clouds to collapse and form the first stars. The details of the 
physics of those stars and the exact timescales of their formation and evolution are 
still unclear. Using the Spitzer Space Telescope, faint infrared (IR) fluctuations in the 
cosmic IR background were measured by Kashlinsky and his collaborators in late 
2005. They argue that the fluctuations are caused by combined light from a large 
number of the very first stars. No individual stars are seen. The ultraviolet (UV) 
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emission from the stars is now observed as highly red-shifted radiation in the IR. 
This radiation could well come from the very first stars. 

It is likely that these are the only stars that formed along the lines first described 
by Jeans in 1902. A gas cloud, which was at that time made of H and He, started to 
collapse under its own weight. The collapse is initiated if the mass of the cloud is 
larger than the Jeans' mass: 

M doud > M JM = 700 M s (T / 200 K) 1S (n / lO 6 )" 05 (2.3), 

where n = the number density of particles (H and He) per cm 3 , T = the temperature 
of the cloud in K, and M 0 = the solar mass, a basic mass unit in many astronomical 
calculations. 

Thus, if the cloud has a density of n = 10 6 cm -3 and a temperature of T= 200 K, 
then a cloud exceeding a mass of 700 M s would be able to collapse. If the temper- 
ature is higher than T = 200 K, then the cloud should be more massive for the total 
gravitational attraction to overcome the added pressure caused by the increased 
temperature. Similarly, if the gas density is higher than n = 10 s cm -3 , then a 
smaller cloud could collapse according to this model. 

As the collapsing proceeds, the density in the cloud center increases. With the 
increased density the pressure at the center increases, as does the temperature. 
Finally, in the central 1 % or so, the temperature of the cloud rises to 4 x 10 6 K, and 
nuclear reactions begin. There appears to be no clear reason for an upper limit of 
the mass of a star formed in this way. It is possible that the very first stars had 
masses of 100-300 M 0 , or even as large as 500 M Q . These very massive stars lived 
short lives of only one million years or so and produced the first heavier elements, 
such as C, N, O, P, S, Al, and Fe. At the end of their lives, they exploded and shed all 
these new heavy elements into the surrounding, still quite dark space. These early 
stars are now referred to as population III stars. The first galaxies formed when the 
Universe had an age of maybe 600-800 million years. All the stars formed in these 
new nascent galaxies have a minutely tiny seed of heavier elements in addition to 
the overwhelmingly abundant H and He. 

2.4 

Normal Modern Stars, Bulk Formation of C, O, N, S, P and Other Heavy Elements 

Stars can be classified by several different means. The most important classifica- 
tion scheme is the Hertzsprung-Russell (HR) diagram (Fig. 2.3). A version of the 
HR diagram, the color magnitude diagram, shows the brightness of the star, e.g., V 
magnitude, as a function of its color, e.g., brightness difference in two bands, say 
the blue and visual (B - V). Several variations of this diagram exist. If the distance 
to a star is known and its apparent brightness is measured, then its luminosity can 
be calculated. If a spectrum of the very same star also can be obtained, then the 
temperature of its photosphere can be determined. By doing this to a multitude of 
stars, an HR diagram in a form that is more relevant to astrobiology can be drawn. 
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Fig. 2.3 Schematic representation of a Hertz- left to right with the spectral type sequence of 
sprung-Russell (HR) diagram; it shows the star stars: O, B, A, F, G, K, M, to L The diagonal 
temperature or spectral type as abscissa and lines at 100, 1, and 0.01 represent the 
star luminosity or absolute magnitude as approximate radius of the star in solar radii, 

ordinate. Temperature of stars decreases from 

Here, the brightness of the star, given as logarithm of luminosity, is plotted against 
the logarithm of temperature. 

If the star is assumed to behave like a perfect blackbody radiator, which is a 
reasonable assumption in this context, then straight lines of constant stellar radii 
can be drawn into this plot. Furthermore, if the luminosity and the temperature of 
the central star are known, the distance of the habitable zone can be included in 
this same plot. This is shown in Fig. 2.4 on the right. This assumes the definition of 
a habitable zone, put forward by Kasting, as the region around the star where the 
temperature is such that water stays liquid (see Chapter 6) . The lower edge of this 
temperature range is close to 0°C at a range of pressures, but the higher end 
depends on the atmospheric pressure of the planet itself. At 10 5 Pa (1 atm) it is 
100°C, but at 2 x 10 s Pa it is 121 °C. 

Because habitability depends on the luminosity of the central star, the distance of 
the habitable zone is set on approximately horizontal lines on the diagram. Consid- 
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ering the limitations, several areas of the HR diagram can be ruled out as rather 
unsuitable for life. Even the most optimistic views of habitability can be condensed 
into a triangle (Fig. 2.4) . This may be an area where life could, in principle, form. For 
life to evolve to a higher evolutionary stage, the conditions on the central star should 
stay relatively stable for at least one billion years. This would narrow the stars 
suitable for life as we know it down to a narrow ellipse-like zone (Fig. 2.4). 

There is one additional stellar property that is relevant to astrobiology not shown 
in the HR diagram. It is what astronomers call metallicity (Z), which is the mass 
fraction of elements heavier than hydrogen and helium. Solar metallicity abun- 
dance is about 1-2 %. Hot, bright stars tend to have high metallicity and faint red 
stars usually have low metallicity. However, this may not represent a proper 
correlation but rather a manifestation of the age of the average star of these spectral 
classes. Blue, bright stars are short-lived, but faint red stars are of very different 
ages, including some that are almost as old as the Universe. 

The young stars are called population I stars, and the old ones are called 
population II stars. Our Sun is a population I star. The different populations of 
stars have different roles in astrobiology. 
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Fig. 2.4 Biological HR diagram; lines of a typical areset on approximately horizontal lines on the 

distance ofthe habitable zone (HZ) are shown on diagram. The triangle (dashed line) describes 

the right of the diagram (scaling that ofthe Sun at the range where life in principle could form. The 

HZ = 1 .0). Because the range of the HZ depends narrow ellipse-like zone describes an area where 

on the luminosity ofthe central star, the distances life might evolve to a higher evolutionary stage. 
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The first normal stars were formed from very metal-poor gas. There were some 
metals around from the very first stars, but the amounts were very low. Even with 
such low concentrations of metals, such as C, the nuclear reactions in stars got an 
important boost because these metals are used as catalysts, e.g., in the carbon- 
nitrogen-oxygen (CNO) cycle. These first normal stars were also the primary 
factories for the heavier elements, which are important for life. 

The evolution of a single star is determined mainly by its mass. (Binary stars exist 
quite commonly, but the theory of binary star evolution will not be considered here.) 
If the mass of a single object emerging from a collapsing cloud is smaller than about 
0.08 M Q , then its core will not have a high enough temperature to start the fusion of 
H into He. If the stellar mass is larger than 0.08 M Q) and less than 0.26 M 0 , the 
central temperature will rise above 4 x 10 6 K and He production will start at a very 
slow pace in the center of the star by the proton-proton chain reaction (p-p chain 
reaction). Two protons combine to form a deuteron, which then combines with a 
further proton to form 3 He. Finally, two 3 He combine to form a 4 He and two protons. 
The final step can also proceed through a loop involving Li, B, and Be, essentially with 
the same end result. This process will continue throughout the lifetime of the star. 

Stellar models suggest that these stars will stay convective and well mixed. The 
same models indicate that their lifetime is in the range of 10 n -10 13 years. This is 
much longer than the present age of the Universe. None of them have been 
witnessed to "die." It is thought that after a very long time these stars will end 
up as white dwarfs. The energy within these stars is transferred via convection 
from the center of the star through buoyant, hot material rising from the central 
parts of the star and cooler material near the surface sinking down. 

In stars of masses larger than 0.26 M 0 , elements heavier than He will also form. 
Pressure and temperature increase towards the center of a star. It is in the very 
center of the star where most of the nucleosynthesis takes place. The evolution of 
stars heavier than about 0.26 M 0 can be divided into two broad groups with the 
dividing line at about 1.5 M 0 . 

The evolution of a solar type star of mass 0.26 M 0 < M < 1.5 M 0 is approximately 
as follows. These stars form initially with a central temperature higher than 
4 x 10 6 K. The central parts become radiative, while the outer parts stay convective. 
The p-p chain reaction is the main source of the stellar luminosity for these stars 
during the main sequence phase of the star, which lasts about 2-20 billion years. 
During this time the star is relatively stable. Close to the end of the main sequence 
phase, the star has developed a helium core that is degenerate, meaning that it is 
nearly incompressible. Around this core there is a hydrogen fusion envelope that 
starts to expand. The star becomes a red giant. 

The temperature of the He core increases, until suddenly, when the temperature 
reaches about 10 s K, the so-called triple-alpha reaction sets in. In this reaction He is 
transformed into C. Two He nuclei combine into a 8 Be nucleus, which is unstable. 
If a third He nucleus interacts within 3 x 10~ 16 s, then a 12 C nucleus with an 
emission of a photon results; otherwise, the 8 Be decays back to two He nuclei. 
This reaction requires the near-simultaneous collision of the three He nuclei 
(alpha particles) and is therefore called the triple-alpha reaction. 
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The onset of the triple-alpha reaction across the core is so sudden (few hundreds 
of seconds) that it causes a He flash, the inner parts of the star collapse, and the 
outer parts of the star take the extra energy. Later, around the central parts, triple- 
alpha reactions continue in a He shell. This He shell is surrounded by a H shell, 
where He is produced by the p-p reaction. The outer envelope expands further, and 
eventually the star loses the outer shells as an intense stellar wind. A planetary 
nebula with a hot star in the center results. (It should be emphasized that physically 
the planetary nebula has nothing to do with planets or planetary systems. The 
name "planetary nebula" reflects the appearance of these objects as seen by 
relatively small telescopes. They tend to look round, not point-like as stars do, 
and thus are reminiscent of the appearance of planets such as Jupiter or Saturn.) 
The central star in planetary nebulae is often not visible by small telescopes, but 
large telescopes reveal that the end of the life of a solar mass it to become a white 
dwarf. The white dwarf is made mostly of He, but it has a C or O core, and on the 
surface it may have a thin outer layer made of H. 

The gas in the stellar wind during the red giant phase and the planetary nebula 
phases consists mainly of H and He, but it also contains about 2% C, N, and O, 
which are released into the interstellar medium (ISM). Elements heavier than O 
are not produced in these stars. Because these lighter stars are substantially more 
common than more massive stars, they have been suggested to be a significant 
source of new C, N, and O in the present galaxy. 

Stars more massive than 1.5 M Q have such a high central temperature 
(> 18 x 10 6 K) that a different nuclear fusion mechanism takes over in the con- 
version of H to He. At these high temperatures the CNO cycle becomes more 
effective than the p-p cycle. One should note that in a CNO cycle, also known as the 
carbon cycle, no C is produced; instead, C is needed as a catalyst. The carbon cycle 
proceeds as follows: 



C + : H 13 N + y 


(2.2 a) 


'N -> 13 C + e + + v e 


(2.2 b) 


C + X H -> 14 N + y 


(2.2 c) 


N + J H ->■ ls O + y 


(2.2 d) 


; 0 -> 15 N + e + + v e 


(2.2 e) 


N + J H -> 12 C + 4 He 


(2.2 f) 



Reaction (2.2 d) is the slowest one and it determines the total reaction rate. It is 
important to note that this bottleneck creates a surplus of N. Although C is a 
catalyst in this reaction, it effectively transforms some C into N. Even if the carbon 
cycle is the main source of N in the Universe, the main benefit of this reaction is 
the efficient conversion of H into He. 
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In these stars the very center of the star will be convective and the outer parts will 
remain radiative. As in the less massive stars, a He core will eventually form and 
the star will become a red giant. Now, however, the He core remains convective, 
and the onset of He fusion into C by triple-alpha reaction starts at a more leisurely 
pace; no He flash takes place. A shell-like structure forms, with C in the center 
surrounded by He and H shells. Stars in the mass range of 1.5 M 0 < M < 3 M 0 will 
pass through a red giant phase and end up as white dwarfs. 

The evolution of stars in the range of 3 M 0 < M < 11 M Q is not well understood 
theoretically. It appears that in the range of about 3 M Q < M < 8 M 0 the C core will 
not ignite and the star will evolve through a red giant phase and end up as a white 
dwarf, with the outer parts of the star expelled in a strong stellar wind. 

In more massive stars (M > 8 M & ), the C core will ignite, and a C flash will take 
place. Here, the main reaction combines two C, creating an O nucleus and two He 
nuclei. Later, if the degenerate center has a high enough temperature, two O nuclei 
combine either into a Mg nucleus and two He nuclei or into one Si and one He. In 
the heaviest stars two Si nuclei combine into one Fe nucleus. All other elements 
from C to Fe are formed as well. The nuclear reactions producing these elements 
are more complex. The conditions at the center of the star will eventually determine 
which are the heaviest nuclei formed. Depending on the mass of the star, an onion- 
like structure will eventually form with an O, Si, or Fe core. All heavy elements up 
to Fe and Ni can be formed in these stars as products or side products of the above- 
mentioned reactions. 

If the mass of the star is about 8 M Q < M < 11 M 0 , the star will end up with an 
O/Ne/Mg core. This will eventually turn into an O/Ne/Mg white dwarf, with the outer 
parts of the star blown out in a fierce stellar wind. Other models suggest that the fate 
of these stars is to end up as a supernova with a neutron star remnant. In either case, 
the lighter elements in the outer shells will be expelled into the interstellar space. 

Stars heavier than about 11 M s have been studied theoretically more extensively. 
They will end up with a shell-like structure with Fe in the center, which implies 
that all nuclear fuel in the core has been exhausted. The core will collapse on a 
dynamical timescale, which is on the order of a few hours. The rebounce from this 
collapse will create a shock traveling outwards, resulting in a supernova explosion. 
The whole mass of the star and all the elements it contains are thrown into the 
surrounding space. It is also possible that the center part of the star, the Fe core, 
will collapse into a black hole or a neutron star, but the outer parts of the star will 
still be ejected into space. Supernova explosions have been the main means for 
liberating the heavier elements into the interstellar space. 

Elements heavier than Fe are formed in stars in small amounts by the slow 
neutron-capture (s) process and in supernovae by the rapid neutron-capture (r) 
process. These two mechanisms have somewhat different isotope distributions. 
The heaviest elements formed in the s-process are 208 Pb and 209 Bi. In the r-process 
the heaviest elements are thought to have an atomic mass of about 270. The formation 
of some rare isotopes such as 190 Pt cannot be explained by the s- or r-processes. 
These are thought to have formed in a supernova explosion by the proton-capture (p) 
process. Table 2.1 shows a few properties of some main sequence stars. 



Table 2.1 Properties of main sequence stars. 
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Spectral class 



Mass (M .) 



Temperature (K) 



Age (10 9 



years) 



05 
AO 
F2 
C2 
MO 
M7 



30 
3 

1.5 
1 

0.5 
0.1 



44 000 



12 000 
7 200 
5 700 
3 800 
2 800 



0.24 
2 
10 
30 
10 000 



0.005 



2.5 



The First Molecules (CO and H 2 OJ 

The most common molecule in the interstellar space is molecular hydrogen (H 2 ). 
The next most common molecules are carbon monoxide (CO) and water (H 2 0). 
These are very interesting molecules because they already contain the heavier 
elements important for life. The elements making up these molecules were formed 
in stars that have already ended their life. Walter and coworkers have observed with 
the Very Large Array (VLA) situated in New Mexico, USA, the presence of CO in 
the spectrum of the quasar SDSS J1148+5251, which has a redshift of z = 6.419. 
Based on present models of the Universe, this means that these molecules were 
already formed 800 millions years after the start of the Universe; thus, at this time 
the first ingredients for life were available. The presence of CO indicates that 
substantial amounts of both C and O had already formed. H 2 0 has not been 
detected from this quasar, because of observational limitations, but one can infer 
its presence because it is formed in a way similar to CO, directly from gaseous H 
and O. 



2.6 

Interstellar Matter 

Aboriginal Australians see a long, dark emu bird in the sky, with the bonfires of 
their forefathers lighting up the stars of the sky (Fig. 2.5). The "emu" is formed by a 
multitude of individual dark clouds in the plane of our galaxy. The presence of 
interstellar matter manifests itself also as bright illuminated patches in the sky 
viewable even with ordinary binoculars. Some of the best examples are Orion 
nebula M42 and several clouds in Sagittarius and adjacent constellations. 

The space between stars was thought to be void until Trumpler (1930) noted that 
the calculated linear size of open clusters seemed to increase with the distance. 
Clearly, because such a correlation should not exist, one could reason that distances 
to more distant clusters were overestimated. This could only be caused by some 
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a) b) 

Fig. 2.5 "Emu." (a) Constellation showing the emu bird in the 
sky (Photo credit: H. Lehto. La Silla, Chile, 5 March 2006). 
(b) A real emu bird (Photo credit: H. Lehto, Northern Territory, 
Australia, 8 August 2003). 



interstellar dust particles scattering part of the light away on its way from the 
cluster to our telescopes. At present, it is known that this extinction is on average 
about 2 mmag pc" 1 (or 0.06% per light year). 

The presence of interstellar matter is deduced in several ways. In the optical 
region, extinction is one of the most important proofs of interstellar matter. A 
second indication of matter in interstellar space comes from studying two stars that 
have similar spectral properties, which means that they have similar intrinsic 
brightness and temperature. If one then compares the observed spectrum of the 
more distant star with that of the closer star, then one can note that it is reddened, 
which means that light in the blue end of the spectrum is scattered away compared 
to the red end of the spectrum. It is a phenomenon similar to that of the reddening 
of the Sun as it gets close to the horizon, in which case the scattering is caused by 
the tiny 0 2 and N 2 molecules of the atmosphere (Rayleigh scattering). In inter- 
stellar reddening, the scattering is caused by dust particles in the interstellar space, 
which are on the order of the wavelength (Mie scattering) in size. 

The third manifestation of interstellar matter can be observed by studying the 
polarization of the starlight. Interstellar dust particles align themselves preferably 
along the feeble galactic magnetic field. As light from a star travels towards us, 
some light is scattered. Because of the shape of the particles, this scattering has a 
preferred direction: perpendicular to the longer axis of the particle, meaning that 
light passing through a population of dust particles will have a preferred direction 
of oscillation, i.e., it will be linearly polarized. By studying this polarization, one 
may infer the presence of interstellar non-spherical dust particles and even meas- 
ure the direction of the galactic magnetic field in different parts of the sky. By 
combining the polarization with the reddening, one obtains the first estimate of the 
size and shape of interstellar dust particles. 
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The fourth signature of the presence of intervening interstellar matter are the 
interstellar absorption lines in the spectra of stars. Most of the absorption lines in 
stellar spectra are formed in the stellar photosphere, but by studying the Doppler 
shift and the shape of the individual absorption lines, astronomers can identify 
interstellar lines from the intervening matter and deduce the properties of the 
interstellar gas. Note that of the four methods described above, extinction, redden- 
ing, and polarization measure the properties of the particles, while only one, the 
spectral absorption lines, indicates the presence of interstellar gas, although the 
mass of the gas outweighs the dust by about 100 to 1. 

The most common gas in the Universe, H, emits radiation at a wavelength of 
21 cm. This radio photon is caused by a small change in the H when the single 
electron orbiting the proton changes its spin direction from being of the opposite 
sense to being in the same sense as the proton's spin. Technically speaking, the 
spin axis changes from antiparallel to parallel. It is very unlikely to happen to a 
single atom, as it happens about once in 10 million years, but because there is so 
much H along any line of sight, all the added changes shine quite brightly at 21 cm, 
particularly in the plane of the galaxy. Because practically nothing absorbs this 
wavelength, it has proven to be one of the most useful tools in mapping the 
distribution of interstellar H in our galaxy. It were these measurements that 
showed that gaseous neutral H (HI) is distributed along spiral arms. Because H 
is the main constituent in the interstellar gas, this study also shows where the bulk 
of interstellar gas resides. Note that HI refers to neutral H, HII to (singly) ionized 
H, and H 2 to the molecular H 2 . All these are important constituents in different 
parts of the interstellar medium (ISM). 

Several different phases of interstellar gas are known, with the coldest and 
densest gas being found in molecular gas clouds and the most tenuous and hottest 
gas, e.g., in supernova remnants. The cold, dense clouds are considered in more 
detail in the next section. 

With the advent of space observatories, extensive IR observations became pos- 
sible. These have opened a completely new window for the study of interstellar 
matter in its many forms. These observations are discussed in the context of cool 
interstellar clouds (Section 2.6.1) and interstellar ice and dust (Section 2.6.3). 

2.6.1 

Interstellar Clouds 

The distribution of interstellar dust is not uniform. It is concentrated into inter- 
stellar clouds that are typically located on the inner edges of the galactic spiral 
arms. Visually, these clouds appear as dark areas in the sky with much fewer stars; 
in fact, some of them are optically so opaque that they appear as totally starless 
patches of the sky (Fig. 2.6). Optically, the clouds have such a high extinction that 
practically the only means for studying them is in radio and infrared wavelengths. 

Spectroscopy in radio wavelengths has two functions. One function is the search 
for different molecules. This is done at a large range of wavelengths. From an 
astrobiological point of view, the most interesting ones are to be found in the 
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Fig. 2.6 Pre-collapse black cloud 
BARNARD 68. Picture taken by the 
Focal Reducer/Low Dispersion Spec- 
trograph (FORS) team on 10 January 
2001 with the ANTU telescope unit of 
the Very Large Telescope (VLT) located 
on Cerro Paranal in the Atacama Desert, 
northern Chile (Image credit: European 
Southern Observatory [ESO]). 



millimeter ranges. The second function, the spectroscopy of CO, OH, SO, S0 2 ,and 
other molecules at centimeter and decimeter wavelengths, is critical because it 
provides the means for measuring the matter distribution, temperature profiles, 
and internal motions within the clouds. All this has important implications for 
understanding under which physical conditions complex molecules, dust particles, 
and ices are formed. 

IR spectroscopy is the means for studying the properties of dust grains by 
looking at signatures of various ices and minerals in the IR emission spectra of 
interstellar clouds. As the extinction in I R is not as severe as in the optical, one can 
actually recognize at these wavelengths also newborn stars and their accretion 




a) 

Fig. 2.7 (a) Orion nebula M42, in the optical 
range. The bright cloud is illuminated by the 
stars of the Trapezium cluster, which have an 
age of about 2 million years, (b) Behind the 
veils of these clouds, a dense molecular cloud 




resides, within which hundreds of newly 
forming stars are seen in IR. (A: Photo credit: 
H. Lehto, Tuorla Observatory, Finland, 24 
January 2004; B: Image credit: ESO). 
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Fig. 2.8 The dark Horsehead nebula 
in the Orion cloud, observed by the 
VLT Kueyen and FORS2 (Credit: ESO). 

disks still surrounded by the blown-away dust shrouds in the depths of the gas 
cloud. 

The densest of the clouds, the giant molecular clouds (GMC), are completely 
opaque at visual wavelengths. The presence of large amounts of H 2 is their 
characteristic signature, but they contain also atomic H, inert He, and about 1% 
of heavier elements. The temperature in the densest parts is 10-20 K. The den- 
sities, measured in "particles" of mainly H atoms, H 2 molecules, and He, can be as 
high as 10 9 particles per m 3 , and up to 10 12 particles per m 3 , depending on the 
cloud. A density of 10 12 particles per m 3 corresponds to about 10~ u g m~ 3 or, less 
conventionally, 10 mg km -3 . For comparison with more familiar units, the density 
of the Earth's air is about 1 300 tons km" 3 . Still, from an astronomical point of view, 
these clouds are very dense. 

As an example, one may consider the closest GMC, the Orion cloud. It is at a 
distance of about 500 pc and is about 120 pc in extent. From radio and IR 
observations, it is known to have an apparent diameter of about 20 degrees in 
the sky, or 40 times larger than the moon. One can see the outer edges of the Orion 
cloud also usually, as the young stars in the Trapezium illuminate the edge of the 
clouds and create a bright patch known as Orion nebula M42 (Fig. 2.7.A). The 
densest part of the cloud associated with M42 has a diameter of about 25 pc. 
Examples of the darkness of these clouds can be seen elsewhere in the dense parts 
of the Orion cloud, e.g., in the dark Horsehead nebula (Fig. 2.8). 

2.6.2 

Interstellar Grains 
2.6.2.1 Formation 

Interstellar grains play a critical role in the formation of interstellar molecules. 
Interstellar grains are formed mainly in the outer shells of stars when they are in 
their red giant or asymptotic giant branch (AGB) phases (M giants, carbon stars, or 
radio luminous OH/IR stars). Some dust is formed in supernova remnants, novae, 
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planetary nebulae, and WC stars and in circumstellar shells around supergiants. 
The presence of the grains is seen in the opacity caused by the dust and in thermal 
continuum IR emission from the dust. The details of the initial phase of the dust 
formation, the nucleation, are not well understood. Recent observations suggest 
that crystallization of Si0 2 takes place directly from the gaseous phase when the 
temperature in the stellar wind falls below 700 K. The dust particles grow further in 
the tenuous atmospheres of giants and, because of radiation pressure, are driven 
away from the star. The terminal velocity depends on the size of the grain and the 
material - or the mass of the grain. The fastest dispersing grains have a size of 
about 50 |im. Once formed and ejected into the ISM, the dust particles undergo 
various kinds of reprocessing, causing both breaking up and growing. The extinc- 
tion curves observed optically require that a large fraction (>40 %) of interstellar 
grains be >100 nm; therefore, some rebuilding or formation of grains must take 
place in the ISM, possibly in high-density regions by accretion to preexisting grain 
cores. 



2.6.2.2 Observed Properties 

IR spectra of ISM show signatures of a population of grains with small radii 
(o < 10 nm) that absorb about half of the energy emitted by the stars. This radiation 
is later reemitted in the IR. These grains are believed to be carbonaceous in nature. 
The smallest of them contain less than 100 C atoms and have tiny sizes (a < 1 nm). 
They create the IR emission bands characteristic of aromatic carbonaceous rings at 
3.3 |im, 6.2 |im, 7.7 |xm, 8.6 \m\, 11.3 [xm, and 12.7 (xm. The details of the bands are 
well explained by a family of large molecules called polycyclic aromatic hydro- 
carbons (PAHs). Structurally, the molecules are two-dimensional sets of aromatic 
carbon rings, consisting of 6 C atoms and each ring connected to each other. The C 
core is surrounded by an outer shell of H atoms. Structurally, the PAHs appear 
similar to pieces of chicken wire made of hexagons. However, precise ground- 
based laboratory spectra of these molecules are still missing for comparison. 
Furthermore, a spectral feature at 3.4 |xm has been attributed to aliphatic hydro- 
carbons, which are chain-like in structure. 

The dust continuum emission in the 25-|rm and 60-|im IR bands of the Infrared 
Astronomy Satellite (IRAS) has been attributed to slightly larger carbonaceous very 
small grains (1 nm < a <10nm). The far-IR continuum radiation is further 
ascribed to big grains (a -few 10 to few 100 nm), possibly a mixture of large 
graphite and silicate grains. 

Dusty stellar envelopes show broad featureless bands at 10 ^im and 20 |im in 
both emission and absorption. They have been attributed to amorphous silicates. 
Recently, additional bands have been observed in the 10-45 |xm region. They have 
been attributed to highly ordered crystalline silicates such as Mg-rich olivine 
(forsterite, Mg 2 Si0 4 ) or pyroxene (enstatite, MgSi0 3 ). These minerals have not 
been directly seen in spectra of ISM. As a curiosity, a 21-[im IR emission band in 
supernova remnants has been attributed to tiny diamonds. Their sizes are in the 
range 0.005-5 (xm. 
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Depletion of gaseous C, Si, Mg, Fe, and O in ISM suggests that these elements 
are used in another phase, possibly as silicates and metal oxides in grains. It should 
be emphasized that graphite has not been unequivocally detected in the ISM, 
although it is quite often used as a model. 

Interstellar matter can be searched for locally in our Solar System. Using isotopic 
traces, interstellar grains can be identified in pristine meteorites. They differ 
somewhat from the particles detected spectroscopically in the ISM. The most 
common pre-solar grains that have been found are diamonds (2 nm in diameter), 
SiC (0.05-10 |im), graphite (0.4-6 urn), and A1 2 0 3 . 

High-velocity interstellar particles have been observed in the Solar System with 
the detectors of the International Solar Polar mission Ulysses and from radar 
studies of meteoroids. The sizes of these particles are about 0.8 |im and 15- 
30 [xm, respectively. They are somewhat larger than typical interstellar grains. 

2.6.3 
Ices 

Spectral signatures of ices have been seen in OH/IR stars and other evolved stellar 
systems, in lines of sight towards field stars located behind molecular clouds, and 
around embedded protostellar objects. More than 20 ice features have been 
detected in the IR. Ices create mantles on dust grains. These mantles are important 
for the formation of molecules. 

H 2 0 ice was detected by Gillett and Forrest in 1973 from the 3-[im waterline. It is 
the most dominant solid-state species, and abundances of other ices are usually 
given in reference to H 2 0 ice. In clouds with substantial extinction, it is compa- 
rable in amount or even more abundant than gaseous CO. H 2 0 ice is usually the 
second most abundant molecular species after H 2 ([H 2 0]/[H 2 ] ~ lO^-lO -5 ). About 
15-20% of the cosmic H 2 0 is locked in ices, and the remainder is in gas phase. 

C0 2 ice is difficult to detect with ground-based telescopes because of atmos- 
pheric C0 2 . Its firm detection was not established until the late 1990 s with the 
Infrared Space Observatory (ISO) mission. At present it appears that C0 2 is the 
second most abundant ice after H 2 0 ice, with the C0 2 :H 2 0 ratio being on average 
about 15-20% . 

CO has been detected in icy form. Although it may conform 3-20% of the ice 
component in the grain mantles, it is much more abundant in the gaseous phase 
than in the solid phase. 

CH 4 has spectral signatures that are difficult to observe from the ground. The 
abundance of CH 4 ices is typically 1-2 % of water ice. The ratio of gaseous to solid 
state is usually below unity, suggesting that CH 4 is formed directly by hydro- 
genation of carbon on the surface of the grain. 

Formaldehyde (H 2 CO), the simplest of the hydroxyl group of ices, was detected 
from ISO observations towards five massive protostellar envelopes with the typical 
abundance of 1-2 % to water ice. 

Methanol (CH 3 OH) is one of the key elements in interstellar ices, amounting to 
up to 10% of water ice content. The formation of methanol ice is still debated. It 
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could be caused by hydrogenation of CO or by energetic processes followed by 
selective desorption enhancement effects. 

Sulfur-containing ices have been searched for, and only OCS has been detected 
so far, with a very low abundance of about 0.1% to water ice. H 2 S has an upper 
limit of 1 % for the abundance. 

N 2 and NH 3 ices have been searched for, but they have not been reliably detected. 
The difficulty with N 2 is that the possible signal is extremely weak; in the case of 
NH 3 , the difficulty is separation from other spectral lines. 

0 2 and N 2 are IR-inactive molecules, and the upper limits for 0 2 ice are quite 
high: <6% of water ice. No detection of 0 3 or C0 3 has been made, suggesting that 
0 2 is indeed quite rare. It has not even been found in gaseous form, suggesting that 
the lack of 0 2 is real and is caused by its high reactivity. 

Other ices that have been found include OCN" and NH 4 + at a maximum level of a 
few percent. Tentative identifications include HCOO", CH 3 CHO, HCONH 2 , and 
(NH 2 ) 2 CO. 

2.6.4 

Molecules in the Gas Phase 
2.6.4.1 Observed Properties 

The gas phase of interstellar clouds consists of H and He, with H 2 being the most 
abundant molecule in dense clouds. The second most abundant molecule is CO. 
0 2 and N 2 have not been found in the ISM. The upper limit for the abundance of 
gaseous 0 2 towards the dense cores of molecular clouds, deduced from observa- 
tions of the Submillimeter Wave Astronomical Satellite (SWAS), is [0 2 ]/[CO] < 10~ 7 . 

Radio observations from the sub-millimeter to centimeter wavelengths have 
recovered signatures of about 130 different molecules. One-quarter of these do 
not contain C, three-quarters do contain C, and out of these, two-thirds contain 
both C and H (Table 2.2). Astronomers would call about 100 molecules "organic," 
whereas organic chemists would give this name to only about 65 molecules 
detected in interstellar space. For astrobiology, the most relevant molecules found 
are water (H 2 0), formaldehyde (H 2 CO), hydrogen cyanide (HCN), sugars such 
as glycoaldehyde (CH 2 OHCHO), and aliphatic hydrocarbon chains up to 
H(C=C) 5 CN. 

Finding longer molecules is in principle possible, but it becomes more difficult 
with each added atom. One reason for this is that the more complex the molecule 
is, the rarer it becomes. Another reason is that more complex molecules also have 
much more complex spectra, and their unequivocal identification becomes more 
difficult. This has been the case in several claims of the detection of the simplest 
amino acid, glycine. Some of these have appeared quite convincing. The third 
problem with complex molecules is that one needs a reference microwave labo- 
ratory spectrum for each molecule, and they are not trivial to measure. Many 
spectral lines in the microwave region still remain unidentified. 
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Table 2.2 Interstellar molecules. 



Number 



of atoms 


Molecule 


per molecule 




2 


IF, A1C1, C 2 , CH, CH\ CN, CO, CO + , CP, CS, CSi, HC1, H 2 , KC1, NH, NO, NS, 




NaCl, OH, PN, SO, SO + , SiN, SiO, SiS, HF, SH, FeO(?) 


3 


C 3 , C 2 H, C 2 0, C 2 S, CH 2 , HCN, HCO, HCO+, HCS + , HOC + , H 2 0, H 2 S, HNC, 




HNO, MgCN, MgNC, N 2 H + , N 2 0, NaCN, OCS, S0 2 , c-SiC 2 , C0 2 , NH 2 , H 3 + , A1NC 


4 


c-C 3 H, 1-C 3 H, C 3 N, C 3 0, C 3 S, C 2 H 2 , CH 2 D + (?), HCCN, HCNH + , HNCO, HNCS, 




HOCO + , H 2 CO, H 2 CN, H 2 CS, H 3 0 + , NH 3> SiC 3 


5 


C 5 , C 4 H, C 4 Si, 1-C 3 H 2 , c-C 3 H 2 , CH 2 CN, CH 4 , HC 3 N, HC 2 NC, HCOOH, H 2 CHN, 




H 2 C 2 0, H 2 NCN, HNC 3 , SiH 4 , H 2 COH + 


6 


C 5 H, C 5 0, C 2 H 4 , CH 3 CN, CH 3 NC, CH 3 OH, CH 3 SH, HC 3 NH + , HC 2 CHO, 




HCONH 2 , 1-H 2 C 4 , C 5 N 


7 


C 6 H, CH 2 CHCN, CH 3 C 2 H, HC 5 N, HCOCH 3 , NH 2 CH 3 , c-C 2 H 4 0, CH 2 CHOH 


8 


CH 3 C 3 N, HCOOCH 3 , CH 3 COOH, C 7 H, H 2 C 6 , CH 2 OHCHO, CH 2 CHCHO 


9 


CH 3 C 4 H, CH 3 CH 2 CN, (CH 3 ) 2 0, CH 3 CH 2 OH, HC 7 N, C 8 H 


10 


CH 3 C 5 N (?), (CH 3 ) 2 CO, NH 2 CH 2 COOH(?), CH 3 CH 2 CHO 


11 


HC 9 N 


13 


HC n N 



Source: From Al Wootten with permission. 



2.6.4.2 Formation of H 2 

H 2 is the most abundant molecule in the Universe, yet it is a difficult molecule to 
observe. All the observations have to be made from space-based observatories. In 
1970, the Copernicus satellite observed H 2 electronic lines in absorption against UV 
bright stars. The ISO operating at IR changed the level of knowledge. Rotationally 
vibrated lines from 2-18 |im could be observed. Combining this with information 
of other gas-phase atoms, molecular lines, PAHs, silicates, and ices put H 2 into 
perspective with the other constituents of the ISM. 

There is no known efficient gas-phase formation mechanism for H 2 at low 
temperatures and at the densities of the ISM. It is believed that H 2 is formed on 
dust particles, but the detailed formation mechanisms are not known because of 
the limited amount of knowledge about dust particles. 

To account for the observed amounts of H 2 , very effective means for its produc- 
tion at low temperatures (<30 K) are needed. Models exist whereby H 2 is formed on 
surfaces of PAHs or on surfaces of very small grains. Several scientists have argued 
that the surface roughness of particles plays an important role. 

The formation of molecules more complex than H 2 has also been studied. The 
mechanisms include various combinations of molecule building in the gaseous 
phase or on grain surfaces, sometimes with the aid of UV radiation, which, by 
charging grain surface, can enhance molecule formation. 
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2.6.4.3 Formation of CO and H 2 0 

After H and He, the most common elements in the Universe are O and C. Both CO 
and H 2 0 form readily in gaseous form, possibly in the strong stellar winds during 
the giant phase of stellar evolution. The reservoir of atomic C, which is smaller 
than that of O, is nearly depleted in forming CO. 

The reactions in forming H 2 0 from H and O are among the most exothermic 
ones. H or H 2 become ionized and react to form H 3 + . This reacts with atomic O to 
form HO + and H 2 as well as H 2 0 + and H. The ions HO + and H 2 0 + react with free 
electrons to form H 2 0 and OH radicals. Thermally, the water molecule is stable 
until a temperature of 3 000 K. This is an important aspect in considering the 
origin of Earth's oceans. H 2 0 can also form directly on grain surfaces. 

2.7 

Generation of Stars: Formation of the Sun and Planets 

The formation of a stellar system starts with the collapse of a local dense part of a 
GMC, the same regions where the most complicated molecules are found. First the 
density increases and central parts of the condensation heat up. The condensation, 
which is still starless, acquires a higher angular velocity in the center of the density 
enhancement. The collapsing system settles into a disk-like geometry. Both the 
higher angular velocity at the center and the settling into a disk are due to the 
conservation of angular momentum. Such dusty disks are seen, for example, in the 
Orion Molecular Cloud (OMC). They are so dense that even IR does not penetrate 
through them, as they appear as dark ellipses of circles against a brighter IR 
background. 

Some of these "propylads" have a bright star in the center. They have entered an 
evolutionary phase at which the condensation in the center has reached a high 
enough temperature and density that it has turned into a new star. As the star 
begins to shine, it will start to ionize H gas around it and a HII region will form. If 
the newly born stars are located at the edge of the cloud, as in M42, one can note the 
typical emission line spectrum, as the tenuous gas emits at a few characteristic 
wavelengths only. From the spectra one can calculate, among other things, the 
temperature and the density of the gas in these HII regions. 

2.7.1 

Accretion Disk of the Sun 

When the first generation of normal stars was produced, the building blocks for 
planets were not readily available. As we will see later, we need ices and rocks to 
form planets. 

It is important to note that the heavier elements C, N, O, Si, and Fe, which are 
needed for the planetary building blocks, were produced by nuclear fusions in the 
first generation of normal stars and further processed by the subsequent molecular 
evolution in the ISM. 
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Our Sun and its accretion disk formed in a molecular cloud that was enriched by 
heavier elements from the first generation of normal stars. Traces of the cloud 
from which our Solar System was formed can be found in meteoritic dust in our 
Solar System, e.g., in the form of A1 2 0 3 , diamonds, graphite, and SiC within the 
"fine-grained" matrix in the most pristine chondrite class meteorites. 

The material that would finally form the stars and planets formed a disk similar 
to the ones seen in the OMC. This disk initially consisted of H and He, but all other 
elements were also present, as were molecules similar to the ones observed at radio 
wavelengths in molecular clouds. All the matter began falling towards the central 
plane of the disk. The dust grains, both ice-coated and iceless, sedimented to a 
common central plane that was to become the general plane of orbits and equators 
of the planets and the Sun. The time it took for the embryonic Solar System to 
achieve that phase was about one million years. 

How the planets formed goes along the following line of thought: small dust 
particles started to stick together and they grew fairly rapidly into meter-size 
aggregates. Because the aggregates were on similar orbits, their relative velocities 
were small and thus collisions occurred at low-velocity differences. These aggre- 
gates grew to larger sizes, and once they reached about 1 km, gravitation started 
compacting them. In a few ten thousand years the 1-km particles grew into 
1 000-km planetesimals. At this point they were already so large that the gravity 
started to act on their shape making them round. 

The speed of the planet formation processes following next can be estimated by 
observing dusty disks around solar-type stars of different ages and by correlating 
the age of the star with the state of the disk. For a solar-type star, a planet-forming 
disk, the protoplanetary disk, disappears in about 7 million years. After that time, 
no substantial amount of gas and dust is available for planet formation, although 
debris disks can last for 400 million years. Some matter remains even for billions of 
years (e.g., zodiacal light and Kuiper Belt objects). Modeling of disks gives similar 
timescales. 

Models can provide a temperature profile of the disk. The general temperature 
profiles are dependent on the distance from the central star, usually r~ 075 to f 1 . In 
normal air pressure, H 2 0 would crystallize into ice at 273 K. In space, where H 2 0 
sublimates from the solid phase directly into the gas phase, the sublimation point 
can be as low as about 150 K. Beyond some distance from the star, at the so-called 
snow line, H 2 0 ice stays in a solid phase. Inside the snow line, H 2 0 ice sublimates 
into the gas phase. One experimental way to estimate this distance is to study the 
crystallization temperatures of meteorites, as done by Chris McKay. The separation 
of ordinary chondrites and carbonaceous chondrites took place at temperatures of 
450 K. If the carbonaceous chondrites are identified with the C asteroids and the 
ordinary chondrites with the S asteroids, then one can place a rough distance for 
the temperature of 450 K at 2.6 AU. This would now set the snow line at some- 
where between about 5 AU and 15 AU. The inner parts of the disk were hot, 
implying that ices melted and evaporated. The temperature estimate for the 
accretion disk at 1 AU distance from the above models would be about 500- 
1 200 K. Clearly, at these temperatures the newly formed Earth was hot, with no 
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water or other volatiles and no atmosphere at the beginning, and was indeed a very 
inhospitable place for life. Some protoplanetary disk models suggest a flatter 
temperature profile and a snow line closer to the Sun, but in general, there is 
reasonable agreement that the snow line was at about 5 AU. 

In the inner part of the Solar System, rocky planets were formed. The last 
impacts in the planetary accretion were often from nearly similar-size objects 
and were quite severe for the final planet. Examples are the Moon-forming impact 
on Earth, the impact that possibly caused the retrograde spin of Venus, and the 
mantle-destroying impact on Mercury. 

In the outer parts of the Solar System, beyond the snow line, different processes 
took place. There was more solid material around in the form of (mainly H 2 0) ice. 
Once the core of Jupiter had grown to about 20 Earth masses, its gravitation 
became large enough even to hold H and He after capturing them. A runaway 
accretion took place, whereby Jupiter started to grow rapidly. With its increased 
sphere of influence, it grew even larger until all the available matter in its vicinity 
was consumed. A similar process also took place with Saturn, Uranus, and 
Neptune. Beyond the orbit of Neptune, a large number of icy objects were left. 
These are now known as Kuiper Belt objects. Several 1000-km objects have been 
detected in the last 10 years, some of them of the larger than the dwarf planet Pluto. 

The large gravitational fields of the outer planets affected the dynamics of the 
remaining boulders, both the icy ones, the comets, and the iceless ones, the 
asteroids. Some of these were ejected from the Solar System and others were 
slingshot into the inner parts of the Solar System. This had two effects. First, 
comets and asteroids were cleared from the vicinity of the giant planets, and 
second, the inner planets experienced a shorter, more intensive heavy bombard- 
ment of asteroids and comets. Comets and asteroids were important in delivering 
the ingredients necessary for life (see Chapter 3). 

2.7.2 

Formation of the Earth 

When did the Earth form? Relative abundances of isotopes of various elements in 
pristine chondrites can be used to determine the age of our Solar System. This 
gives an age of 4.567 ± 0.002 billion years, which defines the moment when the 
temperature of the chondrites cooled enough for the minerals to crystallize. The 
accretion continued for the next 100 million years. The size of large impacts 
increased until the last one, which stripped the protoatmosphere and possibly 
melted the whole Earth. This took place about 4.45 billion years ago, as measured 
by xenon isotope ratios of the atmosphere. The Moon-forming impact was earlier, 
possibly some 4.52 billion years ago. It was thought to be a grazing impact of 
a Mars-size body. Because of the impact, both bodies melted and the cores 
merged to form the core of the Earth. Part of the debris that was ejected into 
space appears to have formed the Moon. The first landmasses formed quite early 
on Earth. Zircon crystals collected from the Jack Hills region in western Australia 
indicate that granitic crust formed as early as 4.42 billion years ago. One can 
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consider that the formation of the Earth ended at this time, although even 
presently the mass of Earth increases by about 20 000 tons per year due to the 
fall of micrometerorites. 

At the beginning, the Earth was so hot that its surface was covered by molten 
magma, which means a magma ocean (liquid rock!). The acquired atmosphere was 
saturated and contained hot H 2 0 vapor, N 2 , and most likely C0 2 and H 2 . At 
present, this is our best guess for the atmospheric composition. It is doubtful 
that any measurements will be able to determine the exact constituents of the 
earliest atmosphere. Note that the Earth experienced a strong greenhouse effect of 
about 2 000 K because of high amounts of both C0 2 and especially H 2 0. The total 
pressure of the atmosphere at the surface was about 1 000 times the present value. 
H 2 was such a light molecule that Earth was not able to hold it for a long time. The 
Earth started to cool by IR radiation. Once the atmosphere cooled to the dew point 
of about 200 °C, a long rain began. Most of the H 2 0 vapor in the atmosphere rained. 
The oceans had formed. The water was still hot, the water was fresh, and the 
mantle below the sea was also hot. The Earth was left with a C0 2 and N 2 
atmosphere. 

Volcanic activity was high, and volcano islands formed. The hot magma miner- 
als, such as peridotite, interacted with water and formed minerals containing 
crystal water, e.g., serpentinite. These mineral formations grew larger. They gained 
weight and collapsed, sinking into the mantle. These hydrated minerals experi- 
enced a partial melting at relatively low pressures and temperatures, forming 
tonalities among others. They were now lighter than the basaltic seafloor and 
started "floating" on it, eventually becoming the main ingredient for continents. As 
rocks started to protrude from the ocean, erosion set in. Under high temperature 
and high C0 2 partial pressure, erosion was enormous, with an estimated rate of 
about one million times the present value. The C0 2 dissolved into water, creating 
carbonic acid H 2 C0 3 . This reacted with wollastonite (CaSi0 3 ), changing it into 
carbonates (CaC0 3 ) and quartz (Si0 2 ). The carbonates sedimented onto the ocean 
floor. This was an effective means for removing C0 2 from the atmosphere. 

2.7.3 

Early Rain of Meteorites, Comets, Asteroids, and Prebiotic Molecules 

The scars of the heavy bombardment of the inner planets by asteroids and comets 
can be seen on the "face" of the full Moon. The maria are lava-filled impact craters 
of gigantic proportions. Similar impacts took place on Earth about 23 times more 
often than on the Moon. Some of those impacts had enough energy to evaporate 
the oceans. 

Asteroids and comets still abound. Asteroids can be described as large chunks 
(10-1 000 km) of rocks made of darker and lighter materials. The brightness of an 
asteroid depends on the geometric effects of the asteroid's distance from the Sun 
and its reflectivity or albedo. The short-term light variations that are seen are 
usually due to rotation only. Comets are large chunks of a mix of clay, ice, and sand. 
As they approach the Sun on their elliptical orbits, most of them develop a coma 
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and some also a noticeable dust and/or ion tail. In addition to geometric and 
rotational effects, brightness variations due to some kind of activity of volatile 
materials, such as H 2 0, CO, are often observed. 

Meteorites, which are small pieces of asteroid material surviving the reentry to 
Earth, have been critical for understanding asteroids, as they have been historically 
the only means to study these celestial bodies. Radio astronomical spectroscopy 
opened a new window for cometary molecular studies in the 1970 s, and recent 
space missions have provided pictures, onsite measurements, and (still unpub- 
lished) sample returns from these bodies. The study of these bodies is of the 
utmost importance for understanding the evolution of the Earth and the delivery of 
prebiotic molecules to the Earth and other bodies in our Solar System. One has to 
bear in mind that although comets and asteroids are quite pristine in many 
respects, most of those bodies have been orbiting our Sun for the last 4.567 billion 
years and most likely experienced at least some evolution. 

While asteroids and comets brought global and local destruction to the early 
Earth, they brought at the same time key ingredients for building our present Earth 
and possibly the critical prebiotic molecules for the origin of life. 

Asteroids and comets are roughly of the same size. It is thought that the main 
cause for the difference between these two groups is the site of their formation. 
Asteroids formed inside the snow line and comets outside of it. Asteroids should 
have relatively little H 2 0, while comets should have a significant portion of solid 
H 2 0. The distinction between these two groups is not sharp because there are 
many objects that are intermediate in character, but roughly speaking, the classi- 
fication is valid. Most of the known asteroids are concentrated in orbits between 
Mars and Jupiter, while most comets have orbits extending far beyond Neptune. 

The composition of asteroids has been inferred mainly from studies of meteor- 
ites. No onsite measurements exist. Several asteroids have been photographed by 
flyby space probes, so there is some idea of what they look like and what their colors 
and albedos are like. This is of great importance in understanding, for example, the 
modeling of asteroids based on their brightness variations. 

Meteorites come in three main types: iron, iron-stony, and stony. Iron meteorites 
are nearly solid iron-nickel. Stony meteorites usually contain minerals such as 
olivine and pyroxene and relatively small amounts of iron. The latter are further 
divided into chondrites and achondrites. The latter are thought to originate from 
the Moon or Mars (see Chapter 8). About 80% of all recovered meteorites are 
chondrites. These have small chondrules, which are considered to be the original 
molten material that crystallized during the formation of the meteorites. They are 
the oldest rocks in our Solar System. Five percent of chondrites are classified into 
carbonaceous chondrites, due to their elemental C. 

If asteroids are assumed to be made of matter similar to meteorites, then it is 
quite clear that asteroids delivered iron and nickel and vast quantities of silicates to 
the Earth. C is an important ingredient in many meteorites (up to 4%), as is H 2 0 
(20 % in meteorites). The asteroid Ceres appears to have 25 % H 2 0 by mass, which 
is more freshwater than found on Earth. The supply of these raw materials was 
more than sufficient for delivering the quantities found presently in silicates 
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(continents) and carbon (biosphere). Also, a significant portion of H 2 0 (oceans) 
may have arrived through asteroids. 

The outgassing of volatiles in comets has been studied mainly by radio and IR 
spectroscopy. Several dozen molecules have been detected, among them H 2 0, 
HCN, H 2 CO, CH 4 , which all are important ingredients for the origin of life. Recent 
observations from the Stardust return mission to Comet Wild 2 revealed that at 
least this comet contains particles from the presolar GMC, from the protosolar 
disk, and also from later reprocessed matter. 

The Murchison meteorite fell in Australia in 1969 and was almost immediately 
collected. It carries a large number - about 70 - amino acids, as well as nucleotides, 
sugars, and other organic molecules (see Chapter 3). Hence, the ingredients for life 
can be found in our vicinity in space, and this matter is seen falling even nowadays, 
as shooting stars. One can easily argue that this would be the easiest means for 
providing the young Earth with the seeds for life, maybe not in the form of self- 
destructing shooting stars but rather in the form of lightly floating micrometeor- 
ites. 

Comets also contain N-bearing ices. Because the newly born Earth was free of 
volatiles, it seems that comets were the delivery mechanism for N 2 , the main 
component of our present atmosphere. The second most abundant component, 0 2 , 
appeared in the atmosphere much later about 2.2 billion years ago, when cyano- 
bacteria started to produce it - maybe - as a waste product of photosynthesis. 

2.7.4 

D/H Ratio and Oceans 

The oceans cover about 70 % of the surface of the present Earth. Our planet is often 
referred to as the "blue planet." If the whole planet is considered, only 0.04% of the 
mass is in the oceans. Still, the question of oceans is an important one because 
water has played an important role in the origin and evolution of life (see 
Chapter 1). 

Asteroids and comets delivered H 2 0 and other volatiles to the young Earth. 
These volatiles did not have enough time to evaporate significantly, because the 
asteroids and comets plunged to the inner Solar System from the vicinity of the 
snow line or from far beyond it. Alternatively, it has been suggested that a 
significant fraction of the H 2 0 originated from H 2 0 within the accretion disk, 
but it is not clear how this oxygenation of H could proceed in a relatively hot 
gaseous disk. However, gaseous H 2 0 formed in the protosolar disk could endure, 
in principle, temperatures up to 3 500 K in the gas phase. Some geologists have 
suggested that H 2 0 was trapped in the minerals that formed the Earth and that 
H 2 0 was later outgassed by the hot mantle. One argument that has been raised 
against the cometary origin of water is the deuterium (D) to H ratio (D/H) of H 2 0. 

The standard terrestrial reference in geology for the D/H ratio is the 
Vienna Standard Mean Ocean Water (V-SMOW), which has a value of 
D/H = (155.76 ± 0.05) x 10" 6 . In interstellar molecular hydrogen, the D/H ratio is 
about 15 x 10~ 6 : this is the cosmic D/H ratio. Some cold interstellar molecules, 
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however, show a large D/H enrichment, with water having HDO/H 2 0 showing an 
enrichment of a factor of 20-40 or a D/H of 300-600 x 10" 6 and DCN/HCN having 
an enrichment of up to a factor of 1000 to the cosmic D/H ratio. 

The first cometary value was measured by the Giotto mission for Comet Halley as 
HDO/H 2 0 = (330 ± 20) x 10~ 6 . This value was in line with what was seen in water 
from cold interstellar clouds, suggesting that the water in Comet P/ Halley was 
presolar. 

This cometary value created a problem in that the oceanic D/H ratio was too low 
by a factor of about 2 to be explained by a cometary origin if Halley represented a 
typical value for a comet. The concept of a "D/H problem" was created. The next 
comets to be measured for the HDO/H 2 0 ratio were Comet C/1995 Ol Hale-Bopp 
and Hyakutake. The relative abundances measured, (330 ± 80) x 10" 6 and 
(280 ± 40) x 10~ 6 , respectively, were in line with Comet Halley. The controversy 
between cometary HDO and oceanic HDO appeared to grow stronger. 

One can also turn to other planets in our Solar System. The two giant planets 
have low D/H ratios: a value of (16 ± 3) x 10~ 6 for Jupiter and of (18 ± 5) x 10" 6 for 
Saturn was measured by IRTF telescope, located on top of Hawaii's towering 
volcano Mauna Kea. They are both close to the cosmic abundance and in agree- 
ment with the HDO/H 2 0 ratios of the comets. Uranus and Neptune appear to have 
a higher value, at about D/H = 60 x 10" 6 . The Huygens mission (see Chapter 9) 
measured the D/H ratio for Titan, yielding a fractional abundance of 
(250 ± 50) x 10~ 6 . To complete the known HDO/H 2 0 ratios, Mars has a D/H ratio 
of (810 ± 30) x 10" 6 or about 5 SMOW, and Venus has a staggering ratio of 
(25 ± 5) x 10" 3 or 160 ± 32 SMOW. Carbonaceous chondrites show typical values 
of 130-170 x 10" 6 , close to the SMOW value. On Mars and Venus the loss of light 
hydrogen can be understood by its escape into space. Titan's D/H values are not 
well understood yet. 

As noted, the D/H ratio in the Solar System varies considerably, depending on 
whether proper D/H is considered or HDO/H 2 0 is measured. If one considers one 
of the two types of measurements only, then the variation remains still large in 
each type. 

With a preconceived presumption that the D/H ratios measured in the three 
comets mentioned above, namely, Halley, Hale-Bopp, and Hyakutake, are repre- 
sentative of the comet population that formed Earth's oceans, and if the D/H ratios 
measured in the comets and in the seawater represent the D/H at the time of 
formation of the oceans, then one has a "D/H problem." In this scenario, Earth's 
water came partially from comets and partially from the water vapor bound to 
grains in the accretion disk. 

The story does not end here. The HDO/H 2 0 ratio of the comet C/2004 (Mach- 
holz) yielded an upper limit of 230 x 10" 6 (3o), obviously below the value from other 
comets. HDO was also detected in comet C/2001 Q4 (NEAT), but no value has been 
published so far for the D/H ratio. Recent observations of the comet C/1999 S4 
(LINEAR) suggest that this comet has a very different chemistry than comets such 
as Halley, Hyakutake, or Hale-Bopp, which have chemistry consistent with their 
formation being beyond the orbit of Neptune. The detailed analysis of the abun- 
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dances of molecules in comet C/1999 S4 (LINEAR) by Mumma suggests that this 
comet may have formed in the Jupiter-Saturn region, close to the ice line. In this 
region the D/H ratio could have been significantly lower than in the colder space 
beyond Neptune. The delivery of water from these comets could explain the D/H of 
the terrestrial oceans. 

Finally, the recent Deep Impact mission to Comet Temple and the Stardust 
sample return mission from Comet Wild 2 have raised questions of whether the 
comets can undergo substantial evolution during their lifetime and whether the 
surface of the comet represents the conditions inside the core. 
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NASA page on stars and galaxies: 
http://www.nasa.gov/vision/Universe/starsga- 

laxies / index.html 
Wilkinson Microwave Anisotropy Probe 

(WMAP) page, a NASA Explorer mission 

measuring the temperature of the comic 

background radiation: 
http://map.gsfc.nasa.gov/ 
European Southern Observatory: 
http:/ /www. eso.org/ 

Al Wootten's page - including a list of known 

ISM molecules: 
http://www.cv.nrao.edu/~awootten/ 
Cologne database on molecular spectroscopy: 
http:/ /www. phi .uni-koeln.de /vorhersagen / 

main.html 



UC San Diego page about ISM: 
http://cassfos02.ucsd.edu/public/tutorial/ 

ISM.html 
ISO telescope: 

http://sci.esa.int/science-e/www/object/index. 

cfm?fobjectid=32721 
Near Earth Object program: 
http: / /neo.jpl. nasa.gov/ 
Dave Jewitt's Kuiper belt page: 
http: / /www. ifa.hawaii.edu/faculty/jewitt/ 

kb.html 
UC Berkley geology page: 
http://www.ucmp.berkeley.edu/exhibit/geolo- 

gy.html 



2.9 

Questions for Students 

Question 2.1 

Consider the Si atom in the Si0 2 molecule in your porcelain coffee cup and the C 
atom in the tiny sugar crystal inside your coffee cup, just before you pour your hot 
coffee on it. Where were these atoms formed? How did their long way into your 
coffee cup differ from each other? 

Question 2.2 

At any given moment, there are about ten 10-meter meteoroids/asteroids in 
Earth's vicinity, at a distance that is smaller than the Moon's distance from Earth. 
Assuming a typical velocity of 10 km s" 1 , make a rough calculation of how long 
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should it take for such an object to hit the Earth. What is the energy liberated in 
such an impact? Compare it with something sensible. Compare the mass flux from 
this hypothetical impact with the mass flux from micrometeorites. 
Question 2.3 

The triple-alpha reaction is a critical step in the formation of C, and thus in the 
formation of life. Find other cosmic steps that have turned out to be critical for 
getting together all the important ingredients for life on Earth. 

Question 2.4 

Interstellar molecules are observed in gaseous and solid phases. What are the 
differences between these groups? Which of the differences are real and which are 
due to limitations in observing techniques or due to limiting factors caused by the 
atmosphere? 



Basic Prebiotic Chemistry 

Herve Cottin 



This chapter is devoted to the study of prebiotic chemistry. It 
focuses on the abiotic synthesis of key prebiotic compounds - 
amino acids, purine and pyrimidine bases, and sugars - from 
simple molecules, such as methane (CH 4 ), hydrogen cyanide 
(HCN), and formaldehyde (H 2 CO), thereby filling the gap between 
chemistry and biology. In the first section living systems are 
dismantled into more elemental fragments: organic molecules. To 
address the origin of life, the next question is how those fragments 
can be synthesized in an abiotic manner. After a short historical 
review, different tracks of prebiotic chemical evolution are ex- 
plored: an endogenous production of the molecules of life within 
early Earth's atmosphere or in the depths of primitive oceans, or an 
exogenous source of prebiotic molecules through space delivery via 
meteorites and comets. The last section describes chemical path- 
ways of the synthesis of the building blocks of life. 



3.1 

Key Molecules of Life 

Life as we know it is based on a complex chemistry involving highly sophisticated 
biological molecules such as proteins, ribonucleic acids (RNA), or deoxyribonucleic 
acids (DNA). Such elaborated structures result from a complex chemical evolution, 
starting with the simplest organic compounds. At some point, at an as yet 
undefined stage of complexity and organization of matter, an important step is 
made and chemistry turns into biology. 



Complete Course in Astrobiology. Edited by Gerda Horneck and Petra Rettberg 
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
ISBN: 978-3-527-40660-9 
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3.1.1 

Dismantling the Robots 

In Chapter 1 Andre Brack compares the premises of an emerging life to parts of 
"chemical robots," which make copies of themselves and are capable of evolution 
through "mistakes" during reproduction. Following this idea, life could be consid- 
ered as any type of structure (at a molecular or cellular level or any other form) with 
some complexity that bears information to make the robot work and that makes 
copies of itself. From time to time, the copy would not be the exact image of its 
original. This modified copy could be either more adapted to the environment than 
its original or less adapted, and therefore either more or less favored to survive. 
Then it would make more copies of its new model with either more or less 
efficiency. 

Whereas it is quite difficult to find a proper general definition of life (see Chapter 
1), it is much easier to answer the question "What is life made of?" The answer 
turns out to be surprisingly simple. If one considers all living systems on Earth, 
from unicellular systems such as bacteria to multicellular systems such as plants 
and animals, they are all built from the same basic components. 

Each living system is made of at least one cell. A cell can in turn be broken down 
into more elemental parts: proteins, RNA, and DNA molecules embedded within 
the membrane of the cell. These biomolecules are made of mainly the following 
elements: carbon (C), hydrogen (H), oxygen (O), and nitrogen (N). The membrane 
is built from long organic amphiphile chains. These chains possess a polar head, 
which makes them soluble in water (hydrophilic part of the molecule), and an 
apolar tail, which is insoluble in water (hydrophobic part of the molecule). Such 
molecules are called amphiphiles (amphi = both), because they consist of both a 
hydrophobic and a hydrophilic part. These amphiphile structures may self-organ- 
ize into vesicles (Fig. 3.1). 

Inside the cell, which is surrounded by the membrane, a complex molecular 
engine is working (Fig. 3.2). But, from a simplified chemical point of view, the 
interior of the cell turns out to be made of mainly proteins and nucleic acids, such 
as DNA and RNA. Of course, there is a wide range of proteins that play various key 
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Fig. 3.1 Long organic amphiphile chains with a polar head that 
makes them soluble in water and a water-insoluble apolar tail 
(left), which may self-organize into vesicles (right). 
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Fig. 3.2 Basic cellular components (DNA, RNA, and proteins) 
and functions (storage and transfer of information and protein 
synthesis in the ribosomes). 

roles in metabolism and an enormous diversity of DNA and RNA molecules, which 
is reflected by the large diversity of living forms on Earth. But this diversity results 
from a combination of 28 molecules only. Every known living organism could be 
compared with a Lego construction with 28 different kinds of bricks: 20 amino 
acids to build the proteins, five purine or pyrimidine bases, two sugars, and one 
phosphate bridge to build DNA and RNA. The following main functions can be 
attributed to the three families of molecules: 

• DNA stores information, 

• RNA transmits information, and 

• proteins act as catalysts. 

Table 3.1 shows the basic composition of a cell exemplified by the bacterium 
Escherichia coli. 
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Table 3.1 Composition of a bacterial cell as exemplified by 
Escherichia coli. 



Component 


Percentage of total 


Molecular mass 




cellular weight 


/ 1-1 vial 

(g mol ')« 


Water 


70 


18 


Proteins 


15 


40 000 


RNA 


6 


- 10 6 


DNA 


1 


2.5 x 10 9 


Carbohydrates and precursors' 1 "' 


3 


150 


Lipids and precursors' 11 ' 


2 


750 


Amino acids and precursors 


0.4 


120 


Nucleotides and precursors 


0.4 


300 


Others' 11 ' 


2 





a Averaged in a mixture 

b Parts of the cell membrane 

c Other small molecules and inorganic ions 



3.1.2 

Proteins and Amino Acids 



Proteins are organic compounds built from a succession of amino acids linked 
together by peptide bonds. Proteins can play different roles: some are of importance 
at a structural level in the cells, while others are enzymes that act as catalysts for 
chemical reactions. Their properties result from their chemical formula and from 
their spatial conformation (how the amino acid chain organizes itself in space). 

An amino acid is a molecule that contains both an amino group (-NH 2 ) and a 
carboxylic acid (-COOH) function (Fig. 3.3). If the carbon that bears the amino 
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Fig. 3.3 (a) General formula 
of an a-amino acid; R repre- 
sents different side chains; (b) 
glycine; (c) 3-dimensional 
presentation of an a-amino 
acid (alanine) with an asym- 
metric carbon (marked with 
a star). Note that these mole- 
cules, which have an identical 
molecular formula, cannot be 
superimposed one over the 
other. 
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Fig. 3.4 The 20 biological amino acids; association of several 
amino acids through peptide bonds produces a polypeptide. 
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group is the same as the one bearing the carboxylic function, then the amino acid is 
called an a-amino acid. If the amino group is linked to a carbon that is one C away 
from the carbon bearing the carboxylic function, then the amino acid is called a 
(3-amino acid, and so forth. 

The general structure of an a-amino acid is shown in Fig. 3.3 a. R represents a side 
chain specific to each amino acid. In only the simplest amino acid, glycine, is the R- 
group hydrogen (Fig. 3.3 b). For all other a-amino acids, R is different from H. In 
that case the central carbon atom has four different substituents and is then called an 
asymmetrical carbon. As shown in Fig. 3.3 c, two spatial arrangements (configu- 
rations) of these substituents are possible, resulting in two different molecules 
(called enantiomers) that are mirror images of each other. Molecules with an 
asymmetric or chiral C atom affect the orientation of polarized light when it passes 
through a sample of molecules of one configuration. Configuration 1 shifts the 
orientation of polarized light to the right (dextrorotary), while configuration 2 would 
shift it to the left (levorotary). These two configurations of amino acids are called L or 
D (L-compounds rotate the plane of polarized light to the left, D-compounds to the 
right). A mixture of equal quantities of both configurations is called a racemic 
mixture. It neutralizes the effect, and polarized light passes unchanged. This 
property toward polarized light has no direct effect on life, but the configuration 
of amino acid (D or L) is extremely important for the spatial orientation (conforma- 
tion) of long chains of amino acids: the proteins. The properties of proteins are 
directly linked to their conformation, and they have different characteristics if built 
from L-amino acids, D-amino acids, or a mixture of both (see also Chapter 1). 

As mentioned above, in the proteins the amino acids are linked by peptide bonds. 
Peptide bond formation is a condensation reaction leading to the polymerization of 
amino acids into peptides and proteins with the concomitant elimination of water 
(Fig. 3.4). Peptides are small, consisting of a few amino acids. Proteins are poly- 
peptides of greatly divergent length. 

To build the proteins, life uses a combination of only 20 amino acids (Fig. 3.4), all 
of which appear in one enantiomer: the L-form. Why L-enantiomers were selected 
over D-enantiomers remains unknown, but this is a property shared by all living 
systems (with a few exceptions in the bacterial domain; see Chapter 5). 

3.1.3 

DNA, RNA, and Their Building Blocks 

DNA (deoxyribonucleic acid) and RNA (ribonucleic acid) are long-chained organic 
molecules that contain genetic code information (see Chapter 4). From a chemical 
point of view, in terms of building blocks of life, their composition and structure 
can be quite simply explained. 

The backbone of DNA and RNA is a succession of sugars (deoxyribose for DNA, 
ribose for RNA) linked by phosphate bridges (P0 4 2 ~) (Fig. 3.5). The "letters" of the 
genetic code, which are connected to each sugar molecule, are the purine bases 
adenine (A) and guanine (G) and the pyrimidine bases cytosine (C), thymine (T) (T 
in DNA only), and uracil (U) (in RNA only) (Fig. 3.6). The association of the sugar 
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Fig. 3.5 Structure of DNA. DNA and RNA are linked chains 
of nucleotides, each consisting of a sugar, a phosphate, and 
one of the five nucleobases (purine bases: adenine and guanine; 
pyrimidine bases: cytosine and thymine in DNA or cytosine and 
uracil in RNA) 

with one of the bases is called a nucleoside. If a phosphate is linked to a nucleoside, 
the resulting structure is called a nucleotide. The polynucleotide is named accord- 
ing to the sugar in its structure: DNA if the sugar is a deoxyribose, and RNA if the 
sugar is a ribose. 
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Fig. 3.6 Chemical structure of DNA and RNA nucleotides. The 
difference between the two types of molecules is the substitution 
of one H (DNA) by OH (RNA) on the sugar and thymine (DNA) 
by uracil (RNA). 
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The genetic code is encrypted in the specific succession of purine and pyrimidine 
bases. It contains information about which succession of amino acids is to be built 
in which proteins (see Chapter 4). This information is transferred to the ribosomes, 
the "proteins factory," via RNA (Fig. 3.2). Ribosomes are composed of RNA and 
proteins. 

All living systems function according to this very same mechanism. What makes 
a mouse different from an elephant or a mushroom is the number and succession 
of the "letters" in the DNA molecules. 

DNA and RNA are usually seen as carriers of genetic information. This picture 
has changed with the discovery of the self-splicing of certain RNAs. These obser- 
vations laid the foundation for the concept of catalytic RNA, the ribozymes (see 
Chapter 4). This catalytic capacity of RNA led to the idea of the RNA world that 
might have preceded life as we know it today: a simplified cellular biochemical 
machinery in which RNA plays all roles that are essential for life; it carries and 
transmits information, and it catalyzes the reactions. 

3.1.4 

First "Prebiotic Robot" 

For building the first "prebiotic robot," and then the first living system, the 
following compounds must be available: 

• long organic amphiphile chains for building membranes; 

• amino acids for building proteins; 

• phosphate for the backbone of nucleic acids; 

• purine and pyrimidine bases as "letters" for the genetic code 
in DNA and/or RNA; and 

• sugars for the nucleic acids (ribose in the RNA world scenario). 

These molecules need to be synthesized under prebiotic conditions, either on early 
Earth or in space. Of course, the presence of the building blocks for life is not 
sufficient to make the first prebiotic robot; however, they are prerequisites in the 
scenario of the origin of life. 

3.2 

Historical Milestones 

The building blocks of life have been discovered and characterized since the early 
19 th century (Table 3.2). In these early times, the question of the abiotic synthesis of 
such molecules in the test tube seemed far beyond the scope of most of the 
chemists' capabilities. Moreover, it was not even considered as a question of 
interest. It was the generally accepted opinion that organic molecules are the result 
of the activity of organized, i.e., living, systems, and are associated with a mysterious 
"vital energy." In 1827, the Swedish chemist Jons Jacob Berzelius (Fig. 3.7) wrote, 
"Art cannot combine the elements of inorganic matter in the manner of living 
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nature." (Berzelius also invented the words "polymerization," "catalysis," "electro- 
negative," and "electropositive" and discovered the elements selenium [Se], silicon 
[Si], and titanium [Ti]). At that time, there was no way known to synthesize organic 
molecules in the laboratory, and no reason to look for such ways. 



Table 3.2 Milestones in the discovery and characterization of 
important biochemical monomers or polymers. 



Year 


Discoverer 


Monomer/polymer 


1810 


W.H. Wollatson 


Cystine' 1 ! 


1819 


J.L. Proust 


Leucine' 3 ' 


1823 


M. E. Chevreul 


Fatty acids 


1838 


J.J. Berzelius 


Proteins 


1869 


F. Miescher 


DNA 


1882 


A. Kossel 


Guanine 


1883 


A. Kossel and A. Neumann 


Thymine 


1886 


A. Kossel and A. Neumann 


Adenine 


1894 


A. Kossel and A. Neumann 


Cytosine 


1900 


A. Ascoli 


Uracil 


1909 


P.T. Levene and W. A. Javok 


Desoxyribose 


1906-1936 


P.T. Levene et al. 


Ribose, ribonucleotides 



Source: Adapted from Miller and Lazcano 2002. 
a Amino acid 



A firm denial to this theory was brought in 1828 by Berzelius' friend and former 
student Friedrich Wohler (Fig. 3.7). This German chemist succeeded in the first 
abiotic synthesis of an organic molecule, urea (NH 2 -CO-NH 2 ), "without the need of 
an animal kidney," as he said at the time, by simple heating of ammonium cyanate 
(NH 4 OCN). From then on, a breach was made in the "vital energy" theory, and, 
slowly, organic chemistry became the chemistry of carbon-based molecules. 




Fig. 3.7 Famous chemists of the 19 th century. From left 
to right: Jons Jacob Berzelius (1779-1848), Friedrich Wohler 
(1800-1882), Adolph Strecker (1822-1871), and Alexandr 
Butlerov (1828-1886). 
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Soon after this pioneering finding, the synthesis of other organic compounds 
was realized. Regarding the synthesis of molecules of prime interest to the origin of 
life, two major achievements shall be pointed out. In 1850, Adolf Strecker (Fig. 3.7) 
succeeded in the first laboratory synthesis of an amino acid: alanine from a mixture 
of acetaldehyde (CH 3 CHO), ammonia (NH 3 ), and hydrogen cyanide (HCN). A few 
years later, in 1861, Alexandr Butlerov (Fig. 3.7) performed the first laboratory 
synthesis of sugar mixtures (also known as the formose reaction) from formaldehyde 
(HCHO) using a strong alkaline catalyst (NaOH) (see Section 3.4.3). 

Although these discoveries were very interesting, they were not linked to the 
origin-of-life problem. Hence, little progress was made in finding a scientific 
description of the origin of life. One had to wait until 1924 for the publication of 
the book Origin of Life by Aleksandr Ivanovich Oparin (1894-1980). Oparin intro- 
duced the concept of chemical evolution, which could be seen as the roots of the 
Darwinian tree of evolution. In this concept, life was the result of a succession of 
spontaneous chemical reactions that produce increasingly complex chemical struc- 
tures. In the first edition of his book (1924) he suggested that such chemical 
evolution would take place within an oxidizing atmosphere of the primitive Earth 
(it was the generally accepted view at that time that the early Earth had an oxidizing 
atmosphere). In the second edition (1938) he changed the early atmosphere to a 
highly reducing environment. Similar ideas were simultaneously developed by the 
English biologist John Haldane, who was the first to mention the concept of a 
"prebiotic soup" where chemical evolution took place, a term that became quite 
popular in the scientific community studying the origins of life. 

Some paragraphs of Oparin's book Origin of Life from 1924 show its actuality: 

At first we found carbon scattered in the form of separate atoms, in 
the red hot stellar atmospheres. We then found it as a component 
of hydrocarbons which appeared on the surface of the Earth. ...In 
the waters of the primitive ocean these substance formed more 
complex compounds. Proteins and similar substance appeared 
....[They]. ..acquired a more and more complex and improved 
structure and were finally transformed into primary living beings - 
the forbears of all life on Earth. 

He concluded quite optimistically, bearing promises of spectacular breakthroughs 
in the field within a few years: 

We have every reason to believe that sooner or later we shall be able 
practically to demonstrate that life is nothing else but a special 
form of existence of matter. The successes scored recently by Soviet 
biology hold out the promise that the artificial creation of the 
simplest living beings is not only possible, but that it will be 
achieved in the not too distant future. 

Facing the hard reality of facts, he did temper his optimism and wrote as a 
conclusion of the second edition of his book in 1934: 
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We are faced with a colossal problem of investigating each separate 
stage of the evolutionary process as it was sketched here. ...The road 
ahead of us is hard and long but without doubt it leads to the 
ultimate knowledge of the nature of life. The artificial building or 
synthesis of living things is a very remote, but not an unattainable 
goal along this road. 

As elegant as Oparin and Haldane's ideas appeared to be, they were expressed at a 
theoretical level only. The experimental confirmation of the theory of chemical 
evolution was provided in 1953 by Stanley Miller, a graduate student in the 
laboratory of the Nobel Prize laureate Harold Clayton Urey. They conceived 
and built an experiment to simulate a putative primitive Earth environment 
(Fig. 3.8). 

In this experiment a gaseous mixture of hydrogen (H 2 ), methane (CH 4 ), ammo- 
nia (NH 3 ), and water (H 2 0) was exposed to an electric discharge that simulated that 
of storm lightning. The mixture was connected to a bulb filled with liquid water 
that could be heated. This experiment resulted in the production of a large amount 
of organic molecules, including several amino acids. Those measurements were 
experimental proof of the theory of chemical evolution. They showed that the 
chemistry between simple molecules, which were abundant in the atmosphere of 




Fig. 3.8 Miller-Urey experiment, which simulates in the labora- 
tory the coupled chemistry between the primitive Earth atmos- 
phere (upper right bulb) and warm oceans (lower left bulb). In 
the first version, an atmosphere made of CH 4 , NH 3 , H 2 0, and H 2 
was considered. A spark discharge simulated storm lightning. 
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the primitive Earth, led to the synthesis of key compounds that in turn might have 
led to the forms of life as we know it on Earth. 

The choice of a reducing atmosphere with C as CH 4 and N as NH 3 (Table 3.3) 
was motivated by the following considerations: 

• CH 4 , NH 3 , H 2 0, and H 2 had been detected in the atmosphere 
of giant planets since the 1930 s. 

• All the primitive atmospheres of planets were identical, cap- 
tured from the Solar Nebula. 

• Giant planets, cold and distant from the Sun, have kept their 
original composition. 

Therefore, Urey and Miller concluded that the current composition of the atmos- 
phere of giant planets of the Solar System was a good proxy for the composition of 
the atmosphere of the primitive Earth. 



Table 3.3 Classification of planetary atmospheres, in terms of 
their redox potential, as a function of their composition. 



Redox state of the atmosphere 


Composition 


Reducing 


CH 4 , NH 3 , H 2 0, H 2 




C0 2 , N 2 , H 2 0, H 2 




C0 2 , H 2 , H 2 0 


Neutral 


C0 2 /CO, N 2 , H 2 0 


Oxidizing 


C0 2 /CO, N 2 , H 2 0, 0 2 



However, several recent findings disprove this argumentation. First, it is now quite 
well established that telluric planets do not have sufficient mass to capture the 
Solar Nebula gas like the giant planets did. To do this, a minimum mass of 10 to 15 
Earth masses is required. Only then can a forming planet efficiently trap the 
volatile elements of the nebula to form its atmosphere. In addition, recent obser- 
vations have supported the conception that at a distance of one astronomical unit 
(AU) from the Sun - that is where the Earth accreted - the gaseous component of 
the Solar Nebula was probably dominated by C0 2 and N 2 . Second, Earth, like 
Venus and Mars, has a secondary atmosphere built from volatile compounds that 
outgassed from the mantle on one hand or were imported via meteorites and 
comets on the other hand. Third, the composition of the primitive Earth atmos- 
phere was most probably dominated by C0 2 and N 2 , in which organic syntheses are 
not as efficient as in a reducing atmosphere (see Section 3.3). 

Even if the Miller-Urey experiment is not as conclusive as thought at first glance, 
it was a great achievement because it showed that important prebiotic compounds 
can be abiotically synthesized in environments simulating "natural" conditions. In 
Section 3.3 different kinds of such "natural" environments are presented that allow 
an interesting "prebiotic" chemistry. 
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3.3 

Sources of Prebiotic Organic Molecules 

3.3.1 

Endogenous Sources of Organic Molecules 
3.3.1.1 Atmospheric Syntheses 

Miller and Urey thought that the first building blocks of life were synthesized in 
Earth's primitive atmosphere. For the reasons discussed above, the gaseous mix- 
ture they chose is no longer considered to be representative of Earth's early 
atmosphere. Table 3.4 shows some results obtained in different "Miller-type" 
experiments, using different gaseous mixtures and energy sources. 

Energy inputs through electric discharges represent lightning or electron inputs 
in the atmosphere. For example, in the case of Saturn's moon Titan, electrons 
trapped in the magnetosphere of Saturn cascade down into Titan's atmosphere 
(see Chapter 9). Photolysis experiments simulate the energetic inputs of the Sun 
via energetic UV photons that initiate chemical reactions. Using different energy 
sources but the same atmosphere led to minor differences in the resulting prod- 
ucts. 

In contrast, a high sensitivity of the resulting syntheses to the starting gaseous 
mixture was observed. Reducing gaseous mixtures, such as the one chosen by 
Miller and Urey, are the most efficient ones in the formation of complex organic 
structures. However, current models of the primitive atmosphere of Earth suggest 
a rather neutral atmosphere, and such environments are not as efficient in initiat- 
ing chemical evolution as reducing ones. Figure 3.9 shows the yield in amino acids 
(percentage of initial C) as a function of the composition of the simulated atmos- 
phere when performing Miller-type experiments. In a reducing atmosphere, if 
carbon is in a reduced state (in the form of CH 4 ), a large diversity of amino acids is 
synthesized in a rather efficient way. On the other hand, if carbon is in an oxidized 




K/CHj hjco hyco 2 

Fig. 3.9 Amino acid yield (percentage of initial Partial pressure of N 2i CO, or C0 2 was 1 00 Torr 

C) as a function of the simulated atmosphere (131 hPa). (A) A great diversity of amino acids 

composition in Miller-type experiments, was produced. (B, C) Glycine predominated; 

performed at room temperature and in the little else was produced except a small amount 

presence of liquid water. Results were obtained of alanine (adapted from Miller and Lazcano 

after 2 days of electric discharge experiments. 2002). 
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state (CO or C0 2 ), the amino acid glycine predominates, and the reaction yields are 
much lower than those using CH 4 . Moreover, in the absence of CH 4 , the yield of 
amino acids drops significantly if the atmosphere is depleted in H 2 and becomes 
more and more neutral. 

Therefore, if the Earth mantle was less oxidized 3.8 billion years ago than today, 
an important amount of CH 4 could have been emitted through volcanism. In this 
case, endogenous Miller-type syntheses are possible. It has been estimated that 
depending on the redox state of the atmosphere, the endogenous production could 
vary by several orders of magnitude, leading to a steady-state concentration of 
organics in primitive oceans ranging from 0.4 10~ 3 g L _1 to 0.4 g L -1 . However, it 
must be stressed that to date the actual amount of reduced gas in Earth's primitive 
atmosphere is not known. 

3.3.1.2 Hydrothermal Vents 

The synthesis of organic compounds at the bottom of the ocean in hydrothermal 
vents (also known as black smokers; Fig. 3.10) has to be considered as another 
endogenous source of prebiotic molecules. Where oceanic plates drift apart, sea- 
water circulating through the ocean crust is heated up, and it dissolves and 
exchanges chemicals with the rock. At some places it springs back to the ocean 
from black smokers at a high temperature, enriched in gas, ions, and minerals. 
Catalytic clays and minerals interact with the aqueous reducing environment rich 
in H 2 , H 2 S, CO, C0 2 , and CH 4 (and possibly HCN and NH 3 ). When exhausted 
from the vent, the dramatic drop in temperature, from 350 °C to about 2 °C, favors 
chemical reactions and polymerizations. 

It has been shown experimentally that amino acids can be synthesized in such 
conditions (high temperature and pressure, reduced environment, and rich in 
minerals, which can act as catalyst). But one has to take into account that molecules 
synthesized in the vicinity of black smokers can also be destroyed because of the 
high temperature. Nowadays, a volume equivalent to the world's entire ocean 




Fig. 3.10 Hydrothermal vents (photograph on the left courtesy 
of NOAA). 
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system circulates through hydrothermal vents every 10 million years. Their pres- 
ence would have fixed an upper limit on the concentration of organics in the 
primitive ocean. More experimental data and field measurements are required to 
assess the feasibility of this mechanism. 



Exogenous Delivery of Organic Molecules 

Remote sensing observations have given evidence that organic chemistry is very 
active in interstellar molecular clouds, as much in the gaseous phase as in the solid 
phase (interstellar ices) (see Chapter 2). HCN, HC 3 N, and HCHO have been 
detected. Such molecules are of great astrobiological interest, as will be discussed 
in Section 3.4. Our Solar System is thought to be the result of the collapse of such a 
cloud. 

Laboratory experiments simulating the conditions in the molecular clouds 
predict the existence of molecules that are much more complex than the ones 
already detected by remote sensing. These experiments aim to reproduce the 
chemistry occurring in interstellar ices. For this, gaseous mixtures consisting of 
simple volatile compounds (H 2 0, CO, C0 2 , CH 4 , NH 3 , CH 3 OH, H 2 CO, and 
others), which have been detected in interstellar environments, are introduced 
into a cryostat. These molecules then condense onto a cold finger where they form 
an icy mixture. If exposed to irradiations (either photons or charged particles) or to 
thermal cycles, chemical reactions between these simple compounds, which the ice 
is made of, lead to the formation of much more elaborated organic structures, 
which remain solid at room temperature. This refractory residue was called "yellow 
stuff by Mayo Greenberg, the astrophysicist who conceived these laboratory 
experiments in the late 1970 s. From those simulations, one can infer that in 
molecular clouds a large amount of organic matter should be frozen on condensa- 
tion nuclei made of silicates (Fig. 3.11). 

3.3.2.1 Comets 

It is generally accepted that during the formation of our Solar System the original 
composition of interstellar grains was lost, because they were either incorporated 
in the Sun or planets or pyrolyzed in locations close to the Sun. Turbulent radial 
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Ices of volatile compounds: HjO, CO, C0 2 , NH 3 , CH 5 OH, HCHO... 



Mantle of refractory organic material 
synthesised during processing of ices 



Fig. 3.11 Interstellar grain model: silicate core embedded in 
a mixture of complex refractory molecules, coated with ice of 
volatile compounds. 
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Formation of asteroids 



Formation of comets 





Pristine or differentiated 



Gradient in composition 



Fig. 3.12 Scheme of the evolution of matter in our Solar 
System: from a natal molecular cloud, the Solar Nebula, until 
its incorporation into Solar System bodies (Molecular cloud 
background courtesy of NASA, Solar System background cour- 
tesy of ESA). 

mixing in the Solar Nebula can bring interstellar ices to the warmest parts of the 
nebula where they would sublimate (Fig. 3.12). Inside the turbulent region, radial 
mixing brings interstellar grains close to the Sun, resulting in a loss of their initial 
composition. According to models, this turbulent region of the Solar Nebula might 
have extended up to the orbit of Neptune (about 30 AU). Beyond this region, grains 
might have remained in a cold environment and thus might have kept an unaltered 
interstellar composition. Hence, the extension of the turbulent region determines 
the chances of keeping pristine interstellar matter in small, undifferentiated icy 
bodies: the comets. 

Cometary models consider that interstellar organic matter undergoes different 
levels of transformation before it will be stored in comets. In some models, comets 
are considered to be aggregates composed of unaltered interstellar grains. From a 
rather different point of view, comets are considered to be made of matter 
completely reprocessed in the Solar Nebula. Other models consider an intermedi- 
ate scenario, which is probably the more realistic one. 

Putting aside the discussion about the origin of cometary matter, observations 
show an undeniable abundance of a large variety of organic compounds in comets. 
Molecules such as HCN, HCHO, or HC 3 N, which have been detected in several 
comets, might have an origin in the interstellar medium or might have been 
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produced inside the Solar Nebula. In either case, they are of the same astro- 
biological interest. 

In 1961, John Oro calculated the amount of organic molecules that could have 
been delivered to the Earth via comets as follows: if one considers a typical 
cometary nucleus with a density of 1 g cm -3 , a comet 1 km in diameter would 
contain about 2 x 10 u moles of HCN. This amount is equivalent to about 40 nmo- 
les cm -2 of HCN distributed over Earth's surface. It corresponds to an amount 
comparable to the yearly production of HCN by electric discharge in a CH 4 -rich 
reducing atmosphere. 

As predicted in laboratory simulation experiments, in situ measurements in 
close vicinity to the comets lP/Halley (in 1986) and 81 P/ Wild 2 (in 2004) bear 
witness to the existence of more-complex structures that - because of their high 
molecular mass - remain in the solid phase on dust grains when ejected from the 
cometary nucleus. It must be stressed that the lack of liquid water in comet nuclei 
over long periods of time excludes the possibility of the existence of life in or on 
comets - even if short periods of ice melting occur after nucleus formation caused 
by the decay of radioactive elements. 

Summing up, comets are considered to be exogenous sources of prebiotic 
molecules of great astrobiological potential. This has been inferred from measure- 
ments in space as well as from laboratory simulation experiments. Therefore, 
comets are the target of several past, current, and future space missions, such as 
NASA's Stardust (http://stardust.jpl.nasa.gov/) and Deep Impact missions (http:// 
deepimpact.jpl.nasa.gov/) and ESA's Rosetta mission (http://rosetta.esa.int/). 

3.3.2.2 Meteorites 

By definition, meteorites are celestial bodies that reach the surface of the Earth. 
Meteorites - more specifically, those belonging to the carbonaceous chondrite 
family (the most famous among them are the Murchison, Murray, and Orgueil) 
- are another exogenous source of organic molecules. Unlike comets, for which no 
direct analysis of the nucleus composition has ever been made, a large number of 
meteorites have been studied with the most sensitive laboratory instruments. 

The current flux of meteorites is estimated to be about 10 tons per year and was 
probably higher on the primitive Earth. A great number of organic molecules have 
been detected in meteorites, such as hydrocarbons; alcohols; carboxylic acids; 
amines; amides; heterocycles including uracil, adenine, and guanine; and more 
than 70 amino acids in the Murchison meteorite. Recently, diamino acids have 
been found in the same object. This shows that molecules once synthesized in 
space are able to survive a meteorite impact. 

Enantiomeric excess at the level of a few percent has been measured for some 
amino acids in the Murchison and Murray meteorites. This could give us a key to 
understanding the origin of homochirality in living organisms on Earth. Unlike 
comets, the parent bodies of meteorites might have gone through periods with 
liquid water, which might have led to more advanced stages of chemical evolution. 
It is interesting to note that some organic compounds extracted from carbonaceous 
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chondrites would spontaneously organize to form vesicles. They can be considered 
as a type of primitive membrane that might have been used by the very first 
organisms. 

No space mission is currently scheduled to analyze the composition of carbona- 
ceous asteroids, which are probably the parent bodies of chondrites. However, 
projects to explore a carbonaceous asteroid could certainly be planned in the years 
to come, and this will provide important information about the evolutionary stage 
of those bodies and the origin of their organic components. 

3.3.2.3 Micrometeorites 

Micrometeorites are another vector for exogenous delivery of organic molecules. 
With an asteroidal or cometary origin, their current flux is estimated to be about 
20 000 tons per year. They slowly sediment in the terrestrial atmosphere and thus 
undergo little warming that could destroy their organic content. Amino acids have 
been detected in micrometeorites collected in Antarctica. Therefore, they could also 
have played an important role in the origin-of-life process. 

3.3.3 

Relative Contribution of the Different Sources 

The three different types of exogenous delivery of organic matter to the early Earth, 
i.e., by comets, meteorites, or micrometeorites, occurred not only on the Earth but 
also throughout the Solar System. However, in order to reach an increased level of 
complexity that could have led to life, those ingredients require liquid water. 

Unlike endogenous sources of organics, as inferred by Miller-type experiments 
and the hypothesis of black smoker syntheses, which are still at an experimental 
and conceptual level, exogenous deliveries are actually observed even nowadays. 
The contribution of the atmosphere as an endogenous source of organics is still 
model dependent, and the contribution of hydrothermal vents to produce and 
destroy organics lacks experimental data, whereas the exogenous delivery of 
organics is an ongoing process. 

A clear distinction of the relative contribution of each source cannot be estab- 
lished and seems to be out of reach as long as no other life forms are detected on 
another planet that would be deprived of one or two of these factors. Only then 
could it be said that one source is not essential. On the other hand, non-detection of 
life on a planet with liquid water and at least one of the three factors could lead to 
the conclusion that one specific source of organics is not sufficient for the origin of 
life. But from an Earthling point of view, we can say that too many cooks can't spoil 
the prebiotic soup and that the processes leading from the rather simple building 
blocks of life discussed in this section to more elaborated structures are more 
interesting. 
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3.4 

From Simple to Slightly More Complex Compounds 

In this section, the chemical pathways to synthesize the building blocks of life in a 
test tube are described. Some of the mechanisms presented here are already familiar 
to students of chemistry or biology, although they generally are not presented from 
an astrobiological perspective. Students in other fields should not be afraid of the 
reactions presented here and should retain that simple mechanisms explain the 
production of most of the molecules considered essential to life. 



3.4.1 

Synthesis of Amino Acids 



The synthesis of amino acids has been known since 1850 and was discovered by 
Adolf Strecker. The mechanism is now well established (Fig. 3.13) and proceeds in 
liquid water as follows: 

• In the first step, the addition of ammonia to aldehyde pro- 
duces an imine. 

• In the second step, the addition of HCN onto the imine 
produces an a-aminonitrile. 

• In the final step, the hydrolysis of the -CN function (nitrile) 
into -C0 2 H (carboxylic acid) leads to the production of an 
amino acid. 



In works published after the release of his first results in 1953, Stanley Miller 
showed that the production of amino acids during his experiments followed the 
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Fig. 3.13 Synthesis of an amino acid through Strecker synthesis, 
with H 2 CO, NH 3 , and HCN. 
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same synthesis processes (see Fig. 3.13). Other pathways are also possible, because 
it has been shown that an acid hydrolysis of HCN polymers results in the 
production of various amino acids. 

3.4.2 

Synthesis of Purine and Pyrimidine Bases 

Synthesis of the purine base adenine follows a spectacular prebiotic synthesis 
pathway that proceeds by oligomerization of HCN in aqueous solution under 
the influence of photons of 350 nm. This process was discovered by James P. 
Ferris and Leslie Orgel in 1966 (Fig. 3.14). It proceeds as follows: 

• In the first step, the addition of four HCN compounds results 
in the formation of diaminomaleonitrile (DAMN). 

• In the second step, a first-photon-step rearrangement of 
DAMN results in the formation of diaminofumaronitrile and 
then a second one in the formation of aminoimidazole car- 
bonitrile. 

• In the last step, the addition of a fifth HCN molecule leads to 
the production of adenine. 

It is quite stunning to imagine that one of the most poisonous organic compounds, 
HCN, reacting with itself may result in the formation of one of the "letters" of the 
genetic code, i.e., adenine, which is essential for life. Such are the ways of 
chemistry. 




HCN ► (HCN) 2 ► (HCN) 3 ► diaminomaleonitrile 




photolysis 

T 



NH 2 




adenine aminoimidazole carbonitrile 

Fig. 3.14 Synthesis of adenine from HCN. 
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Fig. 3.15 Synthesis of adenine and guanine from HCN and NH 3 . 
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H 

cynaacetaldehyde 

Fig. 3.16 Synthesis of cytosine and uracil from cyanoacetylene 
(HC 2 CN) and cyanate (NCCT). 

Other pathways leading to the synthesis of purine bases are now known, such as 
the ones presented in Fig. 3.15. In this example, a mixture of HCN and NH 3 leads 
to the production of adenine and guanine. 

Prebiotic pathways leading to the formation of pyrimidine bases have also been 
investigated, such as the ones presented in Fig. 3.16. It is interesting to note that 
cyanoacetylene (HC 3 N), the main reactant of the synthesis, is a compound detected 
in the interstellar medium and comets and is also efficiently produced by the action 
of spark discharges in CH 4 /N 2 mixtures. 

The direct reaction of HC 3 N with cyanate (NCO") gives quite low yields of 
pyrimidine products, or it requires a quite large concentration of cyanate 
(>0.1 M) for higher yields. In 1995, Robertson and Miller showed that after 
hydrolysis and formation of cyanoacetaldehyde, the reaction with urea in an 
evaporating solution (simulating primitive drying lagoons on Earth) forms a 
noticeable amount of cytosine. 

These are only a few illustrations of reactions that lead to the production of 
purine and pyrimidine bases in prebiotic conditions. It is quite reasonable to 
believe that not all the pathways have been discovered yet, but the synthesis of 
these important compounds is not yet considered a problem for the chemists 
studying the origin of life. 

3.4.3 

Synthesis of Sugars 

Synthesis of the sugars required for the backbone of RNA and DNA molecules is 
more difficult than that of the previously discussed compounds. Actually, it is not 
complicated to abiotically produce sugars. Butlerov found a simple way to obtain 
sugars as early as in 1861. This reaction is now known as the "formose reaction" 



3.4 From Simple to Slightly More Complex Compounds | 79 
- REVERSE ALDOL 



CH,0 CHO CH,0 



CH 2 0 



CH 2 OH 



CHO 

CHOH 

CH 2 OH 



CH 2 OH 
C^O 
CH 2 OH 



CH,0 



formaldehyde glycolaldehyde glyceraldehyde dihydroxyacetone 



CH 2 OH 
C^O 
CHOH 
CH 2 OH 



CHO 
CHOH 
CHOH 
CH 2 OH 



PENTOSE 
SUGARS 



HEXOSE 
SUGARS 



Fig. 3.17 Synthesis of sugars through the formose reaction 
from H 2 CO. 



(Fig. 3.17). It requires a concentrated formaldehyde solution and a suitable 
catalyst, such as calcium hydroxide Ca(OH) 2 , calcium carbonate CaC0 3 , or clay 
minerals. 

The formose reaction results in a mixture of many kinds of sugars (more than 40 
species), in which ribose is present at only a very low level. Hence, the formose 
reaction, although highly efficient, leads to an unspecific production of sugars. 



.Base 



PNA 




Base 



Fig. 3.18 Structure of PNA, a hypothetical information-bearing 
molecule based on peptides, and of RNA. 
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This makes it less interesting from an astrobiological point of view. Moreover, the 
formose reaction needs a concentrated solution of formaldehyde, which is not very 
relevant for the conditions of the primitive Earth. However, with the use of a proper 
catalyst, e.g., the clay mineral kaolin, sugars including ribose can be obtained from 
lower concentrations (0.01 M) of formaldehyde. 

Therefore, in the frame of the RNA world hypothesis (see Chapter 4), the 
question of why ribose among other sugars has been selected remains open. 
Because it is so complicated to find a suitable pathway for the prebiotic selective 
synthesis of ribose and to understand how ribose was selected among other sugars, 
alternative solutions have been suggested, such as a pre-RNA world. This could be 
based, for example, on peptide analogues of nucleic acids, which are called "peptide 
nucleic acids" (PNAs) (Fig. 3.18), in which the sugar would be replaced by amino 
acids. In this scenario, ribose would be incorporated into the structure of life's 
informational molecule at a later stage. 

3.4.4 

Synthesis of Polymers 

It has been shown in the previous sections that chemistry is not without solutions 
to explain how the building constituents of life could have been synthesized 
abiotically. The next step would be to associate the prebiotic elements into complex 
biochemical material such as polypeptides (proteins) and polynucleotides (RNA 
and DNA). Here, prebiotic chemistry faces a further challenge. 

The linkage of amino acids to peptides is not favored from an energetic point of 
view. The free enthalpy for the association of alanine (Ala) with glycine (Gly) is 
AG 0 = 4.13 kcal mol" 1 . This means that the equilibrium is displaced to left and the 
dissociation of the di-peptide: 

H-Ala-OH + H-Gly-OH < > H-Ala-Gly-OH + H 2 0 (3.1) 

AG" = 4.13 kcal mol" 1 

37°C, pH = 7 

Reaction 3.1 shows that peptide bond formation is energetically not favored. The 
reaction occurs in water and the equilibrium tends to be displaced to the left, 
because a water molecule is released during peptide bond formation. 

A thought experiment might illustrate this point. If one considers starting 
peptide bond formation from a molar solution (1 mol L -1 ) of 20 natural amino 
acids, thermodynamics says that a resulting protein of about 100 monomer units 
would have a concentration equal to 10~" mol L -1 . This means that 50 times the 
volume of the Earth is required to get at least one protein! 

Other promising ways of polypeptide formation include catalytic synthesis on 
mineral surfaces or evaporation-hydration cycle processes with activated amino 
acids, e.g., with compounds, in which the acid function of the amino acid is 
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replaced by an ester function. However, these pathways are still under investiga- 
tion. 

The abiotic production of polynucleotides is even more complicated than that of 
polypeptides. The reaction of a purine base with ribose in the solid state at 100 °C 
results in their association into a nucleoside with a yield of about 3 %. But in this 
case, the base is not linked to the sugar at its "natural" place (Fig. 3.6). Moreover, 
nucleoside synthesis with a pyrimidine base has not yet been accomplished. 

As the next step, the reaction of the nucleoside with a phosphate needs to be 
considered. Phosphorus is present in igneous rocks as fluorapatite (Ca 5 (P0 4 ) 3 F) 
and in meteorites as chlorapatite (Ca5(P0 4 ) 3 Cl). Heating at temperatures above 
100 °C leads to the association of the compounds into a nucleotide, but, again, the 
linkage of the phosphate does not occur specifically at the "natural" place. To date, 
the polymerization of nucleotides from their building blocks has not been achieved 
under prebiotic conditions. 

3.5 

Conclusions 

In this chapter, the basic building blocks of life on Earth and simple ways to 
synthesize them under prebiotic conditions have been discussed. But, having the 
blocks of life does not give a living system. Jacques Reisse, a Belgian chemist 
working on the origin of life, says that at the present stage trying to understand the 
chemistry of the origin of life is like considering building a cathedral (life) but 
having only a pile of bricks (amino acids, sugars, purine and pyrimidine bases). 
Getting from the bricks to the cathedral, without a plan, an architect, or any 
workers (for the stones have to spontaneously combine themselves), is the chal- 
lenge chemists are facing. Even if the road is tricky, many chemists have decided to 
devote their studies to that complicated task. Year after year new discoveries are 
made, but it is difficult to know how long it will take before, somewhere in a 
laboratory, an organic molecule synthesized under prebiotic conditions will behave 
like a "robot," spontaneously making copies of itself and capable of evolution. To 
date, it is not even possible to say if such an achievement will ever be made. What 
does it take to turn chemistry into biology? Many tracks have to be investigated, and 
crucial breakthroughs may not come from the laboratory studies but rather from 
the observation of other bodies in our Solar System. For example, how far does the 
chemistry go on Mars, Saturn's moon Titan, or the Jovian moon Europa? What 
does it tell us about the origin of life on Earth? These are a few of the many 
fascinating questions that need to be addressed in future studies. 
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3.7 

Questions for Students 

3.7.1 

Basic-level Questions 

Question 3.1 

Describe the Miller-Urey experiment. What did we learn from its results? What 
are its limitations? 
Question 3.2 

What are the main sources of organic compounds that are currently considered 
for understanding the first steps of chemical evolution towards the origin of life? 
Could they be the same on Jupiter's moon Europa? Why or why not? 

3.7.2 

Advanced-level Questions 

Question 3.3 

Draw a scheme describing an experiment attempting to simulate the chemistry 
of interstellar ices. 
Question 3.4 

Describe the history of a C atom, from its synthesis in a star to its incorporation 
into a living system on an imaginary planet harboring life. 
Question 3.5 

Describe the extent to which RNA molecules could be considered living systems. 
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In this chapter, contemporary cellular life is analyzed in order to 
see which components are the most ubiquitous and conserved in 
all life forms and therefore assumed to be the most original func- 
tional units of life. Molecular analysis of these structures gives 
suggestions of how they were involved in early molecular evolution 
and what functions they may have provided to the early (pre- 
cellular) replicators. By going backwards, step by step, one sees 
which inventions had to precede each stage of early evolution: 
genetically encoded proteins had to exist prior to the establishment 
of the Last Universal Common Ancestor (LUCA), and RNA repli- 
cators, or replicating RNA analogues had to predate genetically 
encoded proteins. Special attention is given to the most conserved 
components of the present life forms, considered to be relicts of the 
early RNA world. 



4.1 

History of Life at Its Beginnings 

Our home planet was formed about 4.6 billion years ago. The initial conditions on 
the young planet Earth were very harsh. The accretion process had heated the 
protoplanet, and the temperature of the young planet was further increased by the 
greenhouse phenomena caused by the dense atmosphere formed by H 2 0 and C0 2 
and by continuing impacts from the colliding comets and meteorites. The initial 
planet temperature was hot enough to keep the Earth's crust in liquid form, 
forming a magma ocean on the surface. As the planet radiated heat, the temper- 
ature was reduced; when it came down to about 200 °C, with the prevailing high 
atmospheric pressure, the water vapor precipitated and rained down to form 
oceans. The dating obtained from the oldest zircon crystals indicates that liquid 
water was present on the planet 4.4 billion years ago. The first Earth crust formed 
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underneath the water. Because of heavy cometary and asteroid impacts, the con- 
ditions on Earth remained hot and violent for perhaps 500 million years; this time 
is called the Hadean period. 

Conditions during the Hadean period are difficult to investigate because all the 
rocks formed during that era have been thoroughly metamorphosed by the tectonic 
processes of the later times. The oldest still existing sedimentary rocks are located 
at Isua, Greenland, and date back to about 3.8 billion years. These rocks contain 
small granules of sedimented carbon, which is specifically enriched in the 12 C 
rather than the heavier 13 C isotope. The enrichment of the lighter carbon isotope in 
these sediments suggests that the carbon was once bound in biologically produced 
compounds (see Chapters 1 and 2). The real biological origin of these carbon 
deposits has been questioned, but other nearly as old samples containing 12 C- 
enriched carbon and fossilized microbial structures have been detected at two other 
locations: in the 3.5-billion-year-old sediments at Pilbara, western Australia, and at 
Barberton, South Africa. These findings suggest that life was well established, and 
apparently widely distributed on the Earth, at this very early stage - or soon after 
the heavy bombardment ended and the planet cooled to temperatures conducive 
for life. It is not known at what temperature regimes life started. The most 
thermotolerant contemporary life forms are known to propagate in temperatures 
up to 113 °C (see Chapter 5), but the prebiotic replicating macromolecules, and also 
the earliest cellular structures, may have been rather fragile and sensitive for 
hydrolytic conditions and most likely were not durable in very high temperatures. 

Since its early start, life has spread and diversified and now occupies all con- 
ceivable ecological niches on the Earth (see Chapter 5). During its spread and 
accumulation, life has also modified the environment and has profoundly changed 
the conditions on planet Earth, including the chemical composition of the atmos- 
phere, the oceans, and the Earth's crust. The long-term geological processes of 
tectonics, volcanism, weathering and erosion, as well as degrading processes 
caused by life itself, have completely reshaped and mixed multiple times the 
conditions that prevailed on the early Earth and have abolished most of the 
chemical and geochemical traces that were formed at this early time. Therefore, 
there are not any direct data of the conditions that once allowed or induced the 
origin of life. It is even not know in what type of locations on Earth - or, potentially, 
on nearby planetary bodies - life did start. Thus, trying to trace back the very 
earliest stages of this process becomes difficult and speculative. 

However, different scientific approaches may be used to try to resolve what kind 
of conditions and what chemical compounds might have driven the life-producing 
reactions. Clearly, the origin of life has been a very complex process and needs to be 
studied in many different fields of science. Astronomy is needed to resolve how the 
elements, the Solar System, and the planet Earth were formed in the first place. 
Geosciences are needed to resolve the conditions on the early Earth and the 
composition of the early atmosphere, the ocean, and the crust. Inorganic and 
organic chemistry are needed to resolve how the elements, inorganic minerals, and 
volatiles may have reacted to form small organic compounds and more complex 
organics such as nucleotides and amino acids, which are the building blocks of life. 
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Further on, the quest is to resolve how these organic molecules may polymerize 
and, in particular, how these reactions might conceivably have happened in pre- 
biotic conditions in the absence of genetically encoded enzymes and biochemical 
reactions. 

Present-day life is solely driven by multiple protein-catalyzed (-mediated) bio- 
chemical reactions and complex molecular interactions. The fields of biochemistry 
and bioinformatics study how these enzymes and other proteins now function and 
how they have changed over the evolution of life. These studies can identify the 
genetic sequences that are the most conserved (i.e., the oldest and most original 
ones) in different life forms. Of particular interest here are the reactions that still 
are catalyzed not by proteins but by different RNA molecules. Such RNA enzymes 
(or ribozymes) may be derived from the very oldest life forms or from the era 
predating the DNA-protein-based life forms. 

As a central part of the study of life, different fields of biology study the essential 
structures and functions of life; how life reacts and adapts in its environment; and 
how all functions are mediated, regulated, and coordinated on the cellular and 
molecular level. All these integrated efforts are needed to construct an under- 
standing of what life is, how it has evolved through times, and, maybe, how it 
started in the first place. 

It may be assumed that the chemical and molecular evolution towards life 
proceeded through a long cascade of different stages, initiated by spontaneous 
reactions between abundant chemical elements, or the chemical constituents of 
life: carbon, hydrogen, oxygen, nitrogen, sulfur, and phosphor (C, H, O, N, S, P). In 
some high-energy conditions these elements formed reduced carbon and nitrogen 
compounds, such as hydrogen cyanide (HCN), ammonia (NH 3 ), methane (CH 4 ), 
and formaldehyde (HCHO). In suitable conditions these small organic molecules, 
together with water (H 2 0), reacted to form the building blocks of life: the nucleic 
acid bases (purines and pyrimidines), sugars and other hydrocarbons, and amino 
acids (see Chapter 3 and Section 4.2). These, again via multiple chemical reactions 
and interactions (which are not well understood as yet), formed polymers and 
more-complex molecules. Some of the polymers gained the chemical potential to 
copy themselves or to replicate, which was the first major transition towards the 
origin of life. Replication initiated molecular evolution, which led to the invention 
of genetically encoded proteins and, eventually, to the appearance of the first 
cellular life forms. From then on, the diversification of life into all the species of 
the biosphere has been covered by Darwinian evolution. 

This chapter aims to trace back this process in order to visualize the different 
stages of the progress from early organic molecules to cellular life forms. Instead of 
starting from the very beginning and progressing upwards, the chapter starts from 
the central features of cellular life as they are known now, because it is known for 
certain that this is what eventually came out of early evolution (at the time it 
happened, evolution was random and not directed - the outcome could be known 
only after it had happened). Then proceeding backwards, step by step, it discusses 
what types of simpler forms could have given rise to each of the new and more 
complex innovations. 
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4.2 

Life as It Is Known 

4.2.1 

The Phylogenetic Tree of Life 

Life is characterized by endless complexity. On the visible level one can observe the 
multitude of genera, species, forms, and individuals, each thriving in their own 
typical ecological niches. Cells of higher organisms are differentiated into organs 
and tissues, which each present their specific form and function even that they all 
are regulated by the same genome of the same individual. Variation of species and 
subspecies in the microbial world is vastly larger than that of the macrospecies. The 
microbial species can be separated into three different domains of life. Single-celled 
organisms such as yeasts, ciliates, and flagellates, which do posses a nucleus in their 
cells, together with all the higher organisms belong in the domain of Eukarya. The 
cells that do not posses a nucleus belong to the prokaryotes, which again belong to 
two distinct domains, the Bacteria (or by older nomenclature, the Eubacteria) and 
the Archaea (older name, the Archaebacteria). These three domains of life (Eukarya, 
Bacteria, and Archaea) each constitute their own and separate lineages of life and can 
be distinguished from each other by multiple genetic and biochemical markers. 

The three domains of life share a large number of common features that are 
ubiquitous to life, or are the same or very similar in all living organisms. It is 
believed that these features were inherited from a common ancestor of all life 
forms, the Last Universal Common Ancestor (LUCA). However, the properties of 
LUCA at the time of diversification and the exact sequence of the separation of the 
three lines are still unclear. Clearly, the common ancestor has developed through a 
cascade of gradually increasing complexity, and it is not quite clear, which stage 
was The Last Common One. As reviewed by Delaye and coworkers (2005), it might 
have been a community of simple precursors of life, the so-called progenotes (see 
Section 4.3.2), or even a community of free-living replicating molecules, predating 
the establishment of cellular life. However, recent phylogenetic studies (i.e., 
studies of the lineages and relatedness of known organisms through statistical 
comparison of their genetic sequences) by, e.g., the groups of Lazcano and 
Doolittle, indicate that LUCA was a well-established cell line. The properties of 
LUCA will be discussed below. 

4.2.2 

Life is Cellular, Happens in Liquid Water, and Is Based on Genetic Information 

From unicellular microorganisms to all higher life forms, all life on Earth is 
cellular (Fig. 4.1). Prokaryotes are single-celled organisms. The cells are simple 
and usually devoid of any internal membrane structures (except for the photo- 
synthetic cyanobacteria, which possess intensive photosynthetic membranes). The 
cells are spherical, ellipsoid, elongated, or rod-shaped (see Chapter 5) and of sizes 
varying from 0.1 urn to 600 |xm, depending on the species. 




m 

Fig. 4.1 All life is cellular. (A) Microscopic view of (unidentified) 
bacterial cells. (B) Scheme of a eukaryotic cell (animal cell on the 
left, and plant cell, with a rigid cell wall, on the right) showing the 
intensive internal structure. 



All eukaryote cells have intensive internal structure. Cell organelles include 

• the nucleus (contains the chromosomes or the genomic 
DNA); 

• mitochondria (energy-producing organelles); 

• the endoplasmic reticulum (internal membranes), 

• the Golgi apparatus (membranous vesicles for protein pro- 
cessing and transport), 

• lysosomes and peroxisomes (for containment of degradative 
enzymes and wastes); and 

• chloroplasts (photosynthetic organelles; in plant cells only). 

The cells of all eukaryotes are very similar to each other, except that the plant cells 
have thick and rigid cell walls and contain numerous chloroplasts (or other types of 
plastids). Typical sizes vary from 10 |xm to several hundred micrometers, but some 
large cell types occur (of a size up to more than 1 m for some nerve cells). 

Multicellular organisms may be conceived as tightly bound colonies of individual 
cells. The cells are entities contained within the cell membrane, which separates 
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the cell from its environment but also allows sophisticated communication with 
the environment. The communication includes the intake of water and necessary 
nutrients, excretion of waste products, receiving of chemical signals via different 
receptor molecules, and sending off signals via secretion of different molecules. 
Thus, the cells dynamically communicate with their environment. All communi- 
cation through the membrane is mediated via specific proteinaceous channels and 
structures embedded in the membrane, because the membrane itself is a hydro- 
phobic barrier and therefore impermeable to water-soluble molecules. 

Inside the cells, life is a chemical process where multiple biochemical reactions 
take place in aqueous solution. Water functions as the solvent and carrier for ionic 
and polar molecules, and also is a reacting component in many reactions. Water 
also serves as the exclusion medium to allow the lipid molecules to assemble and 
form membranes, and as the medium that interacts with proteins, helping them to 
fold into their three-dimensional forms. Therefore, water provides a suitable 
environment for the different cellular reactions and for the assembly of important 
cellular structures. It provides turgor (internal pressure) and strength to the cells. 
Water is such an essential environment and requirement for all the life functions 
that it seems likely that the origin of life had to happen in an aqueous environment 
(see Chapter 1). 

Proteins, or gene products, have a multitude of essential roles in the cells. They 
form several different structures, such as the cytoskeletons in eukaryotes, com- 
ponents of cell walls, and the porous structures in cell membranes. They regulate 
reactions such as gene expression and genome replication, and they function in 
signal transduction by interacting with different target molecules. Still another 
area where proteins are essential for life is in the (regulated) catalysis of all the 
reactions going on inside the cells. Most cellular molecules are both synthesized 
and degraded via multi-step reaction pathways - and none of these reactions 
would happen, at least at any desired rate, without the assistance of proteinaceous 
enzymes. Even the energy conversion and -releasing reactions have to be medi- 
ated via enzymatic catalysis so that they happen in a controlled and regulated 



Fig. 4.2 Chemical reaction 
rates in dependence of sub- 
strate concentration, with and 
without enzyme catalysis. En- 
zymes speed up reaction rates 
very strongly as compared to 
non-catalyzed reactions and 
make them happen efficiently 
even at very low substrate con- 
centrations. The maximum rate 
of reaction is reached when the 
enzyme becomes saturated 
with the substrate molecules. 




At adequate substrate level, the 
maximum reaction rate is determined 
by enzyme saturation 



Reaction rate with enzyme catalysis 



Reaction rate without enzyme catalysis 



Substrate concentration 



4.2 Life as It Is Known 91 



HC 



NH 7 

I 

-CH 

I I 
-CH ^CH 



"N' 



Adenine 



HC 



N. 

V 



o 
II 

-C NH 



N NH 2 
Guanine 



Nl-U 
I 

HC "^N 

II I 
HC^ 

^NH ^O 

Cytosine 



O 

H 

^C^ ^NH 

II I 
HC^ 

^NH ^O 

Thymine 



HC 

II 

HC. 



O 

II 



"NH 



NH 



Uracil 



HO— CH? ? H 

HC XH 
4 V / 
CH— CH 

1 1 
OH OH 

Ribose 



0 
II 

HO— P— OH 

I 

OH 
Phosphate 



HO-CHo. 

5 I Jo, 

HC 



OH 

I 

"CH 



CH-CH 2 

OH 
Deoxyribose 



Fig. 4.3 Structure of the components 
of genetic material: the nucleic acid 
bases adenine, guanine, cytosine, 
thymine, and uracil; the deoxyribose 
and ribose sugar molecules; and the 
phosphate moiety. 



fashion. The enzymes themselves do not participate in the reactions but associate 
with the reacting molecules and hold them in such a conformation that the 
reaction can proceed. Enzymatic catalysis is capable of raising reaction rates by 
many orders of magnitude, from nearly zero to very high, and in practice most 
biological reactions would not happen in physiological conditions without enzyme 
catalysis (Fig. 4.2). 

Proteins form the tools and the structures in the cells, and genetic information, 
encoded in the genomic deoxyribose nucleic acid (DNA), specifies how these tools 
and structures are made. Life depends on the function of the proteins and thus on 
the genetic information coding for them. Proteins are composed of long chains of 
different amino acids, and the sequence of the amino acids in these chains is 
determined by the genes coding for them. From the DNA, the protein-coding 
sequences are first copied into ribose nucleic acid (RNA) and from this are 
converted into amino acid sequences in peptide chains. RNA is a polymer molecule 
very similar to DNA; it is composed of similar nucleotide components, with only 
the small difference of an OH group, rather than H, being connected to the carbon 
in position 2 (2') in the pentose sugar ring (thus, the sugar is ribose instead of 
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deoxyribose) (Fig. 4.3). However, this OH group is very reactive and, differing from 
the DNA, makes the RNA polymers very fragile, unstable, and short-lived. 

4.2.2.1 Genetic Information 

The complexity of life extends strongly to the molecular level, i.e., to the nucleic 
acid and protein level inside the cells. The genetic information is encoded in the 
genomic DNA in the sequence of four different deoxyribonucleotides (or, in short, 
nucleotides), which are the phosphorylated form of adenosine (A), guanosine (G), 
cytosine (C), and thymidine (T) nucleosides. In RNA, the uridine nucleoside is 
used instead of the thymidine nucleoside. The nucleosides themselves are formed 
of the corresponding bases (adenine, guanine, cytosine, thymine, and uracil); of 
these, A and G bases are purines and C, T, and U bases are pyrimidines (Fig. 4.3). 
The bases are covalently bound to a deoxyribose (in DNA) or ribose (in RNA) sugar 
to form nucleosides. These are phosphorylated at the carbon at their 5' position to 
form nucleotides, and these again are connected into long chains via phospho- 
diester bonds between the 5' and 3' carbons (these are the carbons in positions 3 
and 5 in the ribose ring) of the adjacent sugars (Fig. 4.4). 

The number of nucleotides in the genomes varies largely between different 
species. The genomes of the smallest prokaryotes are composed of about 0.5 x 10 6 
nucleotides, while the genome of the bacterium Escherichia coli is composed of 
4.8 x 10 5 nucleotides. The smallest eukaryotic genomes are about an order of 
magnitude larger, but the more complex ones are many orders of magnitude larger 
than the prokaryote genomes. The genome of wheat, for instance, is composed of 




Fig. 4.4 Schemes of DNA. (A) The deoxyribonucleotide polymer 
formed by diester bonds between the 3' and 5' carbons of 
adjacent nucleotides; (B) the double helix of two DNA strands 
showing the base pairing of the nucleic acid bases. 
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about 17 000 x 10 6 nucleotides, the human genome of 3 400 x 10 6 nucleotides, and 
that of the fruit fly of 97 x 10 6 nucleotides (Table 4.1). Further, the number of genes 
varies a lot, being about 400 in the smallest endosymbiotic bacteria (Buchnera 
aphidicola) and some hundreds of thousands in the largest genomes. 



Table 4.1 Genome size and coding content of different types of 
organisms. 



Species Domain Genome size No of genes Coding (%) 

(million bpp 



Mycoplasma genitalium Bacteria 0.58 470 100 

Escherichia coli Bacteria 4.8 4 288 100 

Methanococcus jannaschii Archaea 1.7 1 738 100 

Saccharomyces cerevisiae Eukarya 12 6 144 70 

Caenorhahditis elegans Eukarya 100 18 266 25 

Arahidopsis thaliana Eukarya 100 25 498 31 

Homo sapiens Eukarya 3 400 32 000 28l b l 

1.4M 

Triticum aestivum Eukarya 17 000 60 000 Not determined 

Amoeba duhia Eukarya 670 000 Not determined 



a Million base pairs = number of nucleotides. 

b Total. 

c For proteins. 

The very large genomes, e.g., those of wheat or amoebas, have not been sequenced. 
Therefore, their accurate sizes and gene contents are not known as yet but can be 
estimated from their physical properties. It is clear that genome sizes are correlated 
with neither the size nor the complexity of the different species. This seeming 
paradox is explained by the fact that the large eukaryotic genomes contain large 
amounts of non-coding DNA. In humans, for instance, only about 1.5% of the 
genomic DNA codes for protein products, and only about 28% of it is transcribed 
into RNA. A large part of the remaining DNA is composed of highly repetitive 
sequences, which are often referred to as "junk-DNA." However, the non-coding 
DNA is not all insignificant, because some of those sequences have important 
functions as structural elements of the DNA or have contributed (or may contribute 
in the future) to the evolution of the genome. 

Although the cellular genomes are very large, they function in very controlled 
manner. Among all the multiple genes, and in the middle of the very large non- 
coding sequences, the functional genes are expressed in a highly coordinated 
fashion: the amount, timing, and location of the expression of each gene are 
accurately regulated. The gene regulation is mediated mostly by different proteins 
- but in many cases also by small, non-coding RNAs. 

Different proteins, RNAs, membranes, and small soluble molecules such as 
sugars and salts fill up the cellular contents, up to a level of molecular crowding in 
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Fig. 4.5 Flow chart of the expression of genetic information. 



the interior space. Although the cellular contents are very complex, their central 
functions are uniform between all different cells and between all species. Partic- 
ularly, the genetic code itself and its expression mechanism are the same, in 
principle, in all species (Fig. 4.5). 



4.2.2.2 The Genetic Code and Its Expression 

The genetic information is encoded in the nucleotide sequences in groups of 
three adjacent nucleotides, the codons, each corresponding to specific amino 
acids (or a stop sign). Although the four nucleotides (A, G, C, and T in DNA; 
in RNA, T is replaced by U) can be organized into a total of 4 3 = 64 different triplet 
combinations, only 20 different amino acids are utilized and coded for in the 
current life forms - although some prokaryotes use 22 different amino acids. 
Thus, the coding system includes some redundancy: several codons code for the 
same amino acid (Table 4.2). Each gene is composed of a set of triplet codons. The 
code of each gene (or the open reading frame, ORF) starts at a specific ATG triplet 
in the DNA and continues until it reaches one of the following triplets: TAG, 
TAA, or TGA, which do not code for any amino acid. These stop codons mark the 
end of the gene (Table 4.2). In eukaryotes the genes are often interrupted by 
intervening sequences (introns) that must be removed from the sequence during 
its expression process. 
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The genetic code is interpreted (or expressed) in a multi-step process (Fig. 4.5) that 
converts the sequence of the nucleotide triplets into a linear sequence of the 
corresponding amino acids (Table 4.2). First, the sequence of the target gene is 
copied (transcribed) into a messenger RNA (mRNA). The mRNA contains the 
same sequence as the corresponding DNA, but in contrast to DNA, the RNA 
polymer is short-lived and is used only for short-term expression of the code. 
The mRNA associates with the two subunits of the ribosome, which then moves 
along the mRNA and recognizes the triplet code, starting from the first AUG codon 
on the mRNA (corresponds to the ATG on the DNA). The nucleotide triplets are 
recognized by the anticodon triplets of the aminoacylated transfer RNAs (tRNAs), 
which enter into the ribosome complex and bring in the specific amino acids 
corresponding to each triplet codon. The peptide bonds between the adjacent 
amino acids are formed by the catalytic RNA component of the ribosome (riboso- 
mal RNA, rRNA). As these amino acids are brought into the reaction complex, the 
ribosome joins them into a long chain or "translates" the nucleotide sequence into 
an amino acid sequence (Fig. 4.5). The produced amino acid chain is initially called 
a polypeptide, but after it folds into the accurate three-dimensional structure, it 
becomes a functional protein. 

Thus, the components needed for the expression of the genetic code are the 
mRNA, the tRNAs and the amino acids, and the ribosomes. The ribosome itself is 
composed of multiple proteins and RNAs (varying from 52 to 79 proteins and from 
three to four RNAs in different species). Each of the steps of the gene expression 
(transcription, tRNA amino acylation, and the translation itself) requires multiple 
accessory proteins for correct function and regulation. This strong protein depend- 
ency of the whole gene expression process creates a dilemma similar to the one of 
the chicken and egg. Proteins are required for expression of the genetic code as well 
as for the maintenance (or replication) of the code, and the code is needed for the 
expression of the proteins. Thus, how could the genetic DNA first be generated and 
replicated, and how was its expression machinery first established - how did this 
cyclic process get started? 

It is assumed that the storage and expression of the genetic information were the 
first hallmarks for life as we know it and that these were the key elements in the 
molecular evolution that led to the birth of the LUCA. They existed already at the 
time of the LUCA, and they required functions such as genome replication, 
transcription and translation, and pathways for amino acid and nucleotide syn- 
thesis. These functions are so essential for present life that their origin is the 
central part of the question of the origin of life as a whole. 

4.3 

Last Universal Common Ancestor (LUCA) 

The features that occur in all life forms are essential to life. Therefore, they should 
have been present already in the earliest established cellular life, i.e., in the LUCA. 
Such conserved features include 
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• the enclosure or containment in cell membranes, 

• the genetic code, and 

• the translation machinery for the expression of the code 
(the ribosomes, tRNAs, and amino acids). 

Some enzymes related to RNA and amino acid biosynthesis and degradation and to 
energy production and use (cell metabolism) also are common to all cellular life. A 
further curious detail that is fully conserved in all cellular life is the symmetry 
breaking, or homochirality, occurring in its central molecules: all the amino acids 
used in the cellular proteins are of the same stereoisomer type, which is the left- 
handed (L) -configuration (see Chapter 2), and the deoxyribose and ribose sugars 
used in all the nucleotides are of the right-handed (D)-configuration only, meaning 
that the bond between the carbons in positions 4 and 5 points up, not down 
(Fig. 4.4). 

4.3.1 

Containment in a Cell Membrane 

As mentioned earlier, all life on Earth is cellular, which means that it is all 
contained within, and separated from its environment by cell membranes. This 
containment is important for many reasons. The molecules synthesized in the cells 
do not escape into the environment, and the concentrations of the intracellular 
molecules are maintained at desired levels by regulating their synthesis and 
degradation. Molecules from outside are transported in and out in a regulated 
manner, and the cellular molecules interact and function in a mutually coordinated 
way. Further, because the cell membrane physically connects the genomes with 
their respective gene products, the selection for beneficial products and functions 
becomes targeted to their corresponding coding sequences, i.e., the genes can 
evolve based on their products. The physical connection also allows the joint 
maintenance of different segments of the genomes and allows their coevolution 
towards synergistic functions. All in all, the cell membrane allows all cellular 
components to function and evolve as one coordinated entity and unit. 

The excellent utility of present-day membranes is related to their highly 
sophisticated properties. Cell membranes are formed of amphiphilic (i.e., one 
end is hydrophobic and the other end is hydrophilic) molecules called lipids, 
which aggregate in water and assemble into bilayers (see Chapter 3). These lipid 
bilayers are themselves impermeable to water, but they are spanned by several 
different proteins that serve as transport channels for water-soluble molecules 
and as receptors for external signals and cues. The cells may also adjust the 
properties of their membranes by changing their protein components or by 
changing the saturation level of lipids according to temperature. Cells continu- 
ously produce new lipids for the growth of their membranes, and different lipids 
are produced to construct membranes for different compartments. Thus, mem- 
branes in current cells are very dynamic and functional. However, the situation 
was quite different at the time prior to the existence of the proteins needed for 
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lipid biosynthesis or for membrane transport channels. How could the cells be 
contained at this stage? 

It is possible that some type of membrane was formed in the early world by 
spontaneous assembly of abiotically formed lipids. It has been shown that different 
polar hydrocarbon derivatives, containing 10 or more carbons in their hydrocarbon 
chain, are amphiphilic molecules that may assemble into bilayers, and these again 
may spontaneously form vesicles in aqueous environments. Such aliphatic (or linear) 
and aromatic (or circular) hydrocarbons are present, for instance, in the carbonaceous 
chondrites (see Chapter 3). Hydrocarbon-lipid vesicles might have enclosed the 
earliest genomes and functioned as compartments for their replication. However, 
this scenario involves severe problems. Because the hydrophobic lipid membranes 
separate the organism from the surroundings, they may prevent access to their 
resources, such as useful molecules available in the surrounding. Further, because 
the organism is closed inside a "dead" membrane, it may not be able to expand or 
divide or to allow its progeny to accumulate beyond its own original compartment. 

Several membrane chemists, e.g. the research groups of Deamer, Luisi, and 
Szostak, have attempted to resolve the assembly and the functional parameters of 
spontaneously assembled membrane vesicles. They have shown that the perme- 
ability of the bilayer membranes is related to the length of the aliphatic carbon 
chains: modified hydrocarbons of less than 14 carbons are permeable for small 
ionic molecules, such as amino acids and phosphates. Actually, lipid membranes 
formed of carbon chains of less than 10 carbons are too permeable to maintain any 
ion gradient. The membrane vesicles formed of longer fatty acids, such as oleic 
acid, are semipermeable: small molecules, such as nucleotides or amino acids, may 
diffuse through them while large polymers may not. This property would allow 
spontaneous uptake of nucleotides into the vesicles and retention of the polymers 
inside them. This process would increase the osmotic potential inside of the 
vesicles and cause the growth of the membrane via incorporation of more fatty 
acids drawn from emptier vesicles or from micelles. Thus, the mere hydrophobicity 
of fatty acids or of other lipid molecules may have caused the prebiotic assembly 
and function of primitive, cell-like structures. Indeed, assembly and growth, and 
even division of such lipid vesicles, have been demonstrated in laboratory con- 
ditions. Likewise, nucleotide and amino acid polymerization inside the vesicle has 
been induced, simulating the assembly of small, artificial cells. 

To have an adequate supply of the lipids (or of amphiphilic carbon chains) for 
membrane assembly, the LUCA would have needed the pathways to synthesize 
carbon chains containing at least 10 carbons. A significant dilemma related to the 
origin of the lipid biosynthesis pathways is that in present life two completely 
different types of lipids are used for cell membranes: the Archaea use isoprenoid- 
type carbon chains (polyunsaturated hydrocarbons with methyl side chains), and 
the Bacteria and Eukarya use fatty acid-type (unbranched) carbon chains. These 
types of carbon chains are produced via completely different pathways, and the 
pathway utilized in Archaea does not even exist in Eukarya or in Bacteria. Thus, it is 
difficult to deduce what kind of lipid biosynthesis might have been utilized in the 
LUCA and how this early membrane synthesis gave rise to two different mem- 
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brane compositions. It is possible either that several different lipid biosynthesis 
pathways were established in the LUCA population, or that the cellular membrane 
synthesis pathways were established after the divergence of the three domains. 
However, this latter scenario would leave open the question of how, or in what, the 
LUCA was contained. 

It has been suggested by some geochemists that prebiotic reactions and early life 
would have utilized some other types of compartments, formed of inorganic surfa- 
ces. Wachtershauser (2003) has proposed that prebiotic chemistry might have 
occurred on surfaces of clays or minerals where the earliest cells might then have 
assembled. These minerals would have catalyzed the reactions and stabilized the 
forming polymers (see Chapter 1). Martin and Russell (2002), Koonin and Martin 
(2005), and Brown propose that the porous, chimney-like structures of metal sulfide 
(mainly FeS) precipitates, formed at the hydrothermal vents at the bottom of the 
early ocean, functioned as chemically rich, protective hatcheries that provided 
containment and suitable chemical conditions for the chemical evolution towards 
life. The main attractions of these latter ideas are as follows. 

• Firstly, those metal sulfide mounts were formed from a 
multitude of small, interconnected compartments, which 
might have served as containments for chemicals and as 
catalytic surfaces for reactions. 

• Secondly, the hydrothermal vents produced a continuous 
flow of warm geothermal fluid, full of several different re- 
duced chemicals, and it maintained a strong reduction gra- 
dient between the H + -rich geothermal fluid and (supposedly) 
alkaline seawater, driving the reduction chemistry of the 
molecules. 

• Thirdly, the hydrothermal vents produced a temperature 
gradient, providing convection flows to cycle the macromo- 
lecules between double-stranded and single stages (discussed 
in Section 4.6). 

The combination of all these factors might have allowed the evolution of complex 
molecular communities in the cell-like inorganic compartments, until they were 
adequately competent to produce lipids and proteins for cellular membranes and 
structures and might escape from the hatchery to self-sustained life in the outside 
world. 

4.3.2 

Cenes and Their Expression 

One experimental way to study what properties and functions were present in the 
LUCA is to look at which genes or sequences are still common to all the organisms 
whose sequences are known today (assumably derived from the common origin). 
Lazcano and coworkers compared a set of fully sequenced genomes and found 283 
genes that are highly conserved in all Eukarya genomes, 24 that are highly 
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conserved in Bacteria, and 145 that are conserved in Archaea. In all domains these 
genes include putative ATPases (for conversion of proton gradients into adenosine 
triphosphate [ATP] synthesis and for utilizing the energy of ATP), genes involved 
in transcription and translation, as well as RNA helicase and enolase, phosphor- 
ibosyl pyrophosphate synthase, and thioredoxin genes, which are involved in 
nucleotide biosynthesis and RNA degradation. Such genes, if they were present 
in the LUCA, indicate that the organism possessed means for maintaining its 
genetic information (at least in RNA form) and a translation system. Because the 
ATPases locate in the membranes and produce ATP (as energy compound) by 
utilizing proton gradients formed across the membranes, this indicates that LUCA 
had a cell membrane and produced and used energy in the form of ATP molecules. 

Another approach to model primitive life is to analyze what would be the 
minimal set of genes required by the simplest cells today. Several groups of 
bioinformatists have worked on such questions. Gill and coworkers have searched 
the genomes of the smallest existing cells (bacterial and archaeal species, which 
live as endoparasites inside their host cells) for the set of genes that seem 
mandatory for them all. The living environments of these species are chemically 
very rich, and the cells may obtain a large part of all their required biochemical 
precursors from their hosts. Therefore, they have lost the corresponding genes 
from their own genomes and have evolved, by reduction, towards ultimately small 
genomes. Comparison of the genomes of such species revealed that they have 206 
genes in common. All species have additional genes that allow them to survive in 
their specific environment (host), but these 206 genes seem to comprise the 
obligatory set of genetic information required in all these species. Thus, it can 
be reasoned that a comparable set of genes is essential for any cellular life, even 
when living in the most protected and nutrient-rich conditions. Thus, if the LUCA 
was a well-established cellular species, sustained in its own (probably chemically 
rich, easy, and protected) environment, it probably had to possess at least this 
number of gene different functions. 

As the early organisms evolved to more complex, the initial sequences were 
converted via mutation and recombination to code for new functions. The genomes 
grew larger by duplicating, recombining, and modifying what they already had: 
new genes were often produced from previously existing ones, by recombining and 
modifying functional protein domains (3-dimensional structures). Recent protein 
structure analysis by Doolittle and coworkers has identified a set of 49 protein- 
folding domains (or folding super-families) that are present in all analyzed ge- 
nomes of the three domains of life, suggesting that these protein-folding structures 
were already present in the LUCA. Again, these protein structures occur in the 
proteins related to translation and to metabolic and glycolytic enzymes. 

So far, it has been reasoned that LUCA was a fairly complex organism. But how 
did it diversify into the three domains of life that we know today? The three 
domains differ from each other in such ways that their direct descent from one 
another, in a fixed order, is difficult. Each pair of domains shares some features 
that are lacking from the third domain (Fig. 4.6), so it seems that none of them is 
directly derived from the others. 
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Because the deviation of the three domains from the LUCA is difficult to trace 
back, the question of the order of the establishment of the three domains remains 
open, i.e.: 

• whether the prokaryotes differentiated as two branches from 
the LUCA and then formed the eukaryotes later by mutual 
fusion; 

• whether the eukaryotes were derived directly from the LUCA 
and later gave rise to the prokaryotes (e.g., by plasmid escape 
and reduction processes); or 

• whether the three domains diverged separately from a mixed 
LUCA population. 

When this question has been addressed by phylogenetic studies, different results 
have been obtained from different genes. For instance, the classical phylogenetic 
tree based on 16S-rRNA sequences, first produced by Woese and coworkers in 
1990, shows the early deviation of the Bacteria and Archaea domains, with the 
thermophilic Bacteria and Archaea at the base of the different branches, and the 
later deviation of the Eukarya domain from the Archaea (Fig. 4.7A). However, some 
authors, e.g., Poole and Forterre, suggest that the phylogenetic analysis may not 
accurately resolve the most ancient sequences: after very long (or very fast) 
evolution, sequences may become so saturated with mutations that they appear 
as more conserved in the phylogenetic analysis. 

When different protein gene sequences are analyzed, diverse phylogenetic trees 
are produced for the different sequences. This may indicate that the domains have 
not evolved as separate lines but rather that the genes have been mixed by strong 
lateral gene transfer after the separation of the domains. 

It is now widely discussed (see reviews by Pennisi and Doolittle) that the 
intensive lateral gene transfer between species, and even between domains, may 
have mixed the initial lineages so effectively that it may be difficult to trace back any 
original sets of genes associated with the early phylogenetic lines. Such lateral gene 
transfer would have been possible because the newly separated lineages were still 
very simple, similar, flexible (nonspecific), and rudimentary in their functions. 
Therefore, they might utilize the same novel functions and structures, even if those 
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Fig. 4.6 Distribution of some key conserved 
features among the three domains of life: each 
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Fig. 4.7 Phylogenetic lineage of the three domains of life 
determined by different genetic sequences. (A) 16S ribosomal 
RNA sequence (adapted from Woese et al. 1990); (B) several 
different sequences (adapted from Doolittle 1999). 

were transferred across the domain borders. The DNA exchange could have been 
mediated via cell fusions or via direct DNA uptake (gene transfer or cellular 
conjugation) - or via third parties, such as viruses or plasmids (gene transduction 
or transformation). 

Particularly in eukaryotes, the uptake of foreign (prokaryotic) DNA may happen 
via eating up (endocytosis) of foreign cells. This process is still a distinct function of 
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some eukaryotic cells. Mitochondria and chloroplasts are well-known examples, 
indicating that endocytosis of other species has occurred in the history of different 
eukaryotes. In these instances the engulfed prokaryotes were maintained intact in 
the cytoplasm and established as beneficial endosymbionts, or organelles, of the 
cells. Considering the strong lateral gene transfer, the tree of life at its earlier stages 
looks rather like a bush (Fig. 4.7B). 

4.3.3 

Hypothetical Structure of the LUCA Genome 

The dilemma of the differentiation of the three domains relates to the question of the 
type and structure of the LUCA genome. It is commonly thought that LUCA should 
have been similar to the simplest life forms existing today, the prokaryotes. Accord- 
ingly, it should have been driven by a small, circular DNA genome. However, Poole 
and Forterre and their coworkers argue that the circular, supercoiled prokaryotic 
genomes with a single origin of replication might represent a later adaptation to very 
fast and efficient replication strategies. The most primitive DNA genomes may have 
been linear, like the RNA genomes (see Section 4.4), which are thought to have 
preceded the DNA genomes. One argument supporting the idea that the eukaryote- 
like linear genome structure is the most original one is that specific catalytic RNAs - 
apparent relicts of the earlier RNA genomes - are still used to process different RNA 
products in the eukaryotes (Table 4.3), while many of them have been replaced by 
more efficient (and advanced) protein catalysts in the prokaryotes. Likewise, tRNA- 
like components are still utilized in the enzymes (telomerases) that maintain the 
termini (telomeres) of the linear eukaryote chromosomes, suggesting that these 
terminal structures are derived from the genomes of RNA-based life. 

The primitive RNA genomes may have influenced the ploidy level (the copy 
number) and the fragmentation (chromosome number) of the later-arriving DNA 
genomes. The early RNA genomes were very fragile and prone to degradation, and 
the inaccurate replication processes accumulated multiple mistakes in their se- 
quences. For these reasons, the genomic components did not grow very large. In 
order to accumulate more coding capacity, the genomes should have been com- 
posed of multiple short components. To avoid the loss of genetic information due 
to high mutation rates, the cells should have maintained more than one copy of 
each genomic component, and thus diploid (or maybe multiploid) rather than 
haploid (prokaryote-like) genomes should have been used (although one has to 
bear in mind that prokaryotes also normally maintain several copies of their 
genome in each cell). The earlier RNA-genome strategy may have been maintained 
after conversion to the DNA form, suggesting that the earliest cellular genomes 
should have been composed of multiple, short, linear components, each presented 
in more than a single copy. 

It is not clear whether the LUCA had evolved, as yet, to the DNA stage, or 
whether the transition from RNA to DNA genomes occurred separately in the three 
different lineages after their separation from the LUCA. Later conversion from 
RNA to DNA genomes may be supported by the fact that different types of DNA 
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polymerases are utilized by Bacteria and by Archaea and Eukarya. Also, if the RNA 
genomes were stabilized via methylation of the 2' hydroxyl groups of the ribose 
molecules, as suggested by Poole, it is conceivable that the RNA genomes might 
have developed to be fairly large, gaining significant coding capacity. Such RNA 
genomes may have been adequate to support self-sustained cellular life and to 
produce codes for the ribonucleotide reductases, thymidylate synthases, and re- 
verse transcription enzymes eventually needed to convert the ribonucleotides into 
deoxyribonucleotides and RNA sequences into DNA. Forterre suggests that those 
DNA-producing enzymes and, consequently, DNA genomes were invented several 
times to establish DNA-based viral genomes colonizing the RNA cells and that they 
were transferred from those to the RNA-based host cells, in three separate transfer 
events, to establish the three DNA-based domains of life. 

Woese has suggested that at the earliest stage of evolution, when the genomes 
were still very small and unstable, the fully functional genetic information could 
not exist in individual discrete organisms or genomes. He suggests that these early 
genomes instead formed a diverse community of organisms that dynamically 
interacted with each other, exchanging, testing, storing, and evolving alternative 
genomic sequences. Woese calls these early life forms "progenotes," which de- 
scribes the evolutionary stage preceding the fixed genomic life forms, or the 
"genotes." Again, it is not clear whether such progenotes would have had a DNA 
or an RNA genome; maybe they could have been characteristic both before and 
after the transition from RNA to DNA genomes. 

4.4 

"Life" in the RNA-Protein World: Issues and Possible Solutions 

LUCA appears to have been a fairly complex and well-established organism - but 
from where did this complexity arise? Information flow from DNA into mRNA and 
then into proteins (Fig. 4.5) demands multiple functions in between; therefore, it is 
commonly thought that the whole genetic machinery had to evolve from a simpler 
system. It is supposed that the genetic system preceding the DNA genomes were 
RNA genomes, which could have functioned as information storage media and as 
templates for translation. It is thought that the protein synthesis became estab- 
lished at the time of the RNA genomes and that the appearance of the protein 
catalysts then allowed the "invention" and establishment of the DNA genomes. 
Thus, present-day DNA-RNA-protein life would have been preceded by life 
composed of RNAs and their encoded protein products - or by RNA-protein 
(RNP) life. 

At the earliest stages, when the genetic code was translated into protein products, 
or the genetically encoded proteins were "invented," both the codes and their 
expression system were certainly very primitive. The codes had not yet evolved to 
code for specific functions, and also the translation system was very inaccurate. 
Maybe only a few of the currently known amino acids were used. The system was 
able to produce only a few short, nearly random polypeptides. The polypeptides had 
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not been adapted to specific functions, but maybe some of them could bind to RNA 
and function as scaffolding or structural proteins, similar to present-day chaper- 
ones. Such structural proteins may still have been quite useful in stabilizing the 
RNA genomes and in holding them in suitable three-dimensional structures to 
enhance their catalytic properties. Such structural proteins probably assisted in the 
most essential functions of the RNP world, i.e., in the replication of the RNAs. The 
high mutation rate produced more functional gene products, and in due course 
some proteins appeared that actually catalyzed the replication of RNA genomes. 

4.4.1 

Evolutionary Solutions 

The early enzymes were still very inefficient and prone to errors. Therefore, each 
time the genomes were replicated, considerable portions of the nucleotides were 
copied wrong and the genetic information was altered. If the sequences mutated 
too much, it was changed into a non-functional form, the gene was no longer 
maintained, and the information was totally lost. This critical level of accumulation 
of errors has been defined by Manfred Eigen as the "error threshold" and is now 
known as the "Eigen limit." The number of incorrectly copied nucleotides in- 
creased with the genome length; the longer the genomes, the easier they accumu- 
lated fatal levels of mistakes. Thus, only fairly short genomes (or genomic compo- 
nents) could be maintained by this very error-prone replication. 

Eigen has demonstrated how the evolution of small genomes (e.g., viral ge- 
nomes) functions in a cyclic fashion, where repeated improvements of different 
synergistic functions lead to very efficient improvement of fitness and adaptation 
to new conditions. As described by Poole, this cyclic adaptation and genome- 
building model seems applicable for the gradual improvement of the RNP organ- 
isms: the new sequence variants encoded for improved replicase proteins or new 
components for the translation machinery. These produced better replicase mol- 
ecules and thereby improved the accuracy of the replication. This again allowed the 
maintenance of longer genomes - and the increasing coding capacity allowed for 
the production of new components for the replication and translation machineries. 



•o 



•ft. 



The Darwin-Eigen 
Cycle 



I 

— H 

O 



' 9 /9S 



Fig. 4.8 Darwin-Eigen cycle demonstrating 
that Darwinian selection for improved repli- 
cation and translation allowed maintenance 
of larger genomes, and these again allowed 
for improved replication and gene expression. 
Thus, the increasing genome size, new gene 
functions, and improving replication and 
translation fidelity have mutually enhancing 
effects on the evolution of complexity (adapted 
from Poole et al. 1999). 
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Thus, Darwinian selection for more accurate replication and the corresponding 
increase of the genome size (determined by the Eigen limit) together enhanced the 
evolution towards more complex genomes (Fig. 4.8). 

4.4.2 

Solutions Found in the Viral World 

It is of interest that present-day single-stranded (ss) RNA viruses possess multiple 
features that seem similar to the properties of a hypothetical early RNP organisms. 
As in the RNP organisms, the viral genomes are composed of short linear RNAs 
that code only for a few necessary gene products. The total length of RNA virus 
genomes seems to be limited by both the fragility of the RNAs and the Eigen limit 
(the avoidance of accumulating too many errors by inaccurate replication); thus, at 
the present time the longest ss RNA virus genomes - those of the coronaviruses - 
contain about 30 000 nucleotides. The smallest viral genomes, - those of the 
leviviruses - are only about 3 500 nucleotides long and code only for three proteins, 
namely, the replicase protein, the coat protein, and a maturase protein to interact 
with the host. These seem to make the minimal protein set required for sustainable 
viral genomes. In many viruses the replicase proteins are divided in two separate 
components, the helicase and the replicase, apparently because those proteins need 
to be produced in very different amounts. 

The coat protein is required to enclose the RNA and to protect it from degrada- 
tion. All viruses encode one or more of other gene products to interact with their 
host cells - mainly in order to suppress the host defense functions - but it appears 
that in principle the replication and the protective functions are the most important 
requirements for viral survival. This may also indicate how important these 
proteins may have been to the early RNA replicators. 

Viruses maximize the use of their limited genomic sequences - they use them in 
the most efficient way. They contain a minimal amount of non-coding sequences, 
and they do not "invest" any coding capacity for producing regulatory proteins, 
which are so essential for cellular life. Many viruses regulate their essential 
functions - initiation of replication and translation - by short and simple sequen- 
ces at the termini of the RNA genomes and by interactions between RNA loops and 
sequences. With such RNA interactions, some viruses are capable of dedicating 
their genomic RNAs to function in either the replication or the translation mode, 
which avoids collision of the two opposite processes. 

Being parasites of the cellular world, RNA viruses make their living in a chemi- 
cally rich environment: the host cells provide all the building blocks of the macro- 
molecules (the nucleotides and the amino acids) and the translation machinery for 
use by the viruses. Likewise, the early RNP organisms had to live in a similar 
environment, because they had no means for synthesizing their own building 
blocks. Through their evolutionary history, the RNA viruses have become very 
efficient in their replication and in their adaptation to their own specific host 
organisms. Indeed, in spite of their ultimately minimal size, the RNA viruses are 
very successful. There are many more species of viruses than there are cellular 
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species, and each cellular species may be infected by several different viral species. 
It is possible that the (fully evolved) RNP-based life forms were efficient and 
successful replicators. Apparently they had to be quite advanced in order to 
produce adequately large genomic pools to give rise to DNA-based life and cellular 
organisms. Some of the early RNP-based replicators may have survived to form the 
base for the massive variation of present-day viruses. 

4.5 

"Life" Before the Appearance of the Progenote 

4.5.1 

The Breakthrough Organism and the RNA-Protein World 

The first protein-mediated functions initiated evolution towards more and more 
complex biochemistry. Therefore, the initiation of genetically encoded protein 
synthesis has been the key step in the development of any more-advanced life. 
This event has been considered so essential that Poole and coworkers have named 
the first creature that produced proteins the "breakthrough organism." But how 
could this hypothetical breakthrough organism break through - or, how might it 
have come into existence in the first place? 

Clearly, it had to evolve from simpler systems through a cascade of improving 
stages. It was required that it be able to synthesize mRNA-like translatable 
sequences and to run a primitive translation machinery consisting of ribosomes, 
tRNAs, and amino acids. Because protein synthesis did not exist prior to this time, 
the assembly or function of this primitive translation machinery could not have 
depended on any specific proteins. Thus, the early translation reactions had to be 
catalyzed by the existing RNAs alone. This is theoretically feasible because in all the 
present-day life forms, the formation of the peptide bonds between amino acids is 
specifically mediated by one RNA component of the ribosomes. Different natural 
or in vitro-selected RNA molecules may catalyze many other reactions (for the 
natural ribozymes, see Table 4.3). For instance, ribozymes have been found that 
can mediate the amino acylation of tRNAs. Thus, according to experimental data, it 
may be postulated that mere RNA components were able to mediate the earliest 
translation process. 

4.5.2 

Primitive Translation Machinery 

A logical requirement for the existence of RNA-based translation machinery is that 
this machinery itself was initially generated and maintained in a protein-independ- 
ent manner. Present-day ribosomes are massive complexes, containing either three 
(in prokaryotes) or four (in eukaryotes) RNAs that vary in size from 120 to 2 904 
nucleotides. The genes coding for these RNAs take, together with their intervening 
sequences, more than 7 500 nucleotides of genomic sequences. It is clear that the 



4.5 "Life" Before the Appearance of the Progenote 

earliest RNA components were not as long as they are today. As mentioned in 
Section 4.4.1, the error-prone replication systems produced only fairly short RNA 
strands that are estimated not to have exceeded a few hundred nucleotides in length. 
Thus, it is likely that the proto-ribosome had to be composed of short fragments of 
RNA that jointly formed one functional complex. This may still be evident in 
present-day ribosomes, because their interaction with tRNAs may be mimicked by 
a separate small RNA analogue of the ribosomal RNA sequence and because peptide 
bond formation is catalyzed by a specific adenine in the core of the ribosomal RNA. 
Thus, it seems likely that the present-day ribosomal RNAs (rRNAs) developed via a 
combination of previously existing, small functional subunits. 

4.5.3 

Origin of Ribosomes 

Even if the early ribosomes were formed of small separate RNAs, their mainte- 
nance required that they be reproduced fairly accurately. The mere existence of 
such a functional complex required that it had evolved gradually from some 
simpler structures - which again had been maintained and selected for their 
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Fig. 4.9 Model of the early function of the proto-translation 
machinery as RNA replication complex (from Poole et al. 1998, 
with permission from the publisher). 
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preexisting function(s). The most important function at this stage would have been 
the maintenance of the existing sequences, namely, the replication of RNAs. Poole 
and coworkers have proposed that the original function of the proto-ribosomal 
complex was the replication of RNAs. According to their model, the early proto- 
ribosomes extended the complementary RNA strand on the RNA template by 
ligating nucleotide triplets (corresponding to present-day anticodon loops) brought 
into the reaction by tRNA molecules or their primitive precursors. This means that 
early replication was mediated by ligation rather than by polymerization. Incorpo- 
ration of nucleotide triplets rather than single nucleotides had the advantage of 
allowing higher affinity and longer-lasting annealing of the incoming nucleotides 
to the template. This allowed more time for the very slow RNA catalyst to perform 
the ligation (Fig. 4.9). 

According to this model, it is conceivable that amino acid acylation of the incom- 
ing tRNAs was a significant step in the early replication process. The covalent 
binding of the amino acids to the -CCA terminus of the tRNAs might have charged 
these molecules with energy, which might have been released by the detachment of 
the amino acid during the polymerization. This process might have been used to 
drive the polymerization. On the other hand, it is conceivable that the positively 
charged amino acids allowed the proper confirmation (tight folding) of the primitive 
(negatively charged) tRNAs and/or allowed their binding to the replicase complex. 
Release of the amino acids from the tRNAs might then have caused a conforma- 
tional change allowing for the release of the used tRNA from the complex. 

In any of these scenarios, the interaction between template RNA, ribosome, the 
"triplet-reading" anticodons of the tRNAs, and the amino acids would have already 
been established at the early RNA replication function, prior to the invention of 
protein synthesis. Peptide bond formation might have been initiated as a sponta- 
neous reaction between the amino acids brought to close proximity by the incom- 
ing tRNAs. However, later conversion of the whole replication machinery into a 
translation function is difficult to conceive - many things would be have been 
required to change. For example, the hypothetic cleavage and ligation of the 
nucleotide triplets from the tRNAs and into the growing chain of RNA needed 
to be stopped and replaced by peptide bond formation. However, it is conceivable 
that the introduction of protein synthesis made these changes possible, as it 
provided protein catalysts for replication and a strong selection for the use of 
ribosomes for translation. Both processes, translation and replication, had to be 
made to function on the same template in opposite directions. The function of the 
same template in both replication and translation seems not to be a major obstacle, 
as it occurs in all present-day viruses in a coordinated and regulated fashion. 

Another model for the early role of tRNAs proposed by Weiner and Maizels is the 
terminal taging of the replicating RNAs. These terminal tags would have func- 
tioned as the selective binding and initiation site of the replicase and thereby would 
have helped to replicate the genomic ends correctly. This hypothesis is supported 
by the fact that many present-day viruses have tRNA-like 3' termini and the 
telomerase enzyme that synthesizes the ends of the eukaryotic chromosomes 
functions on a tRNA-like template. 
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The RNA World 

Logically, it is necessary to assume that prior to the invention of protein synthesis, 
all reactions required for maintenance of macromolecules - and for their evolution 
towards life - had to be mediated by molecules other than proteins. Present-day 
RNA chemistry has demonstrated that different RNA molecules (either natural 
ones or selected in vitro) may mediate several different catalytic activities, although 
the RNA catalysts typically function less efficiently than protein enzymes, i.e., at a 
much slower rate (Fig. 4.2). Such molecules are called RNA enzymes or ribozymes. 
Most of the naturally occurring ribozymes mediate cleavage and ligation reactions 
of their target RNAs (Table 4.3). The smallest ribozymes contain about 50 nucleo- 
tides and occur in the RNAs of viroids and viral satellite RNAs, while complex 
ribozymes capable of many different catalytic functions can be artificially produced 
by in vitro selection. 

It must be emphasized that the functionality of the RNA catalysts is based on the 
sequence information. The information does not code for any protein products, but 
it dictates the folding of the RNA into secondary structures that can recognize their 
substrates and cause the desired reactions. Figure 4.10 shows the three-dimen- 
sional folding structure, the so-called hammerhead structure, of the smallest 
natural ribozymes, which are composed of about 50 nucleotides. 

Figure 4.11 gives an example of the evolution of an RNA polymerase ribozyme, 
as mediated by in vitro selection steps. The class I ligase ribozyme catalyzes the 
joining of the 3' end of an RNA strand to the 5' end of the ribozyme (Fig. 4.11 a); 
the class II ligase ribozyme catalyzes the addition of three nucleotide 5' triphos- 
phates (NTPs) to the 3' end of the primer, directed by an internal template 




Fig. 4.10 Three-dimensional folding structure 
(so-called hammerhead structure) of the small- 
est natural ribozymes. These self-cleaving and 
-ligating structures occur in several viroid and 
viral satellite RNAs and are composed of about 
50 nucleotides. 
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Fig. 4.11 Evolution of an RNA polymerase 
ribozyme mediated by in vitro selection steps, 
(a) The class I ligase ribozyme catalyzes the 
joining of the 3' end of an RNA strand (open 
line) to the 5' end of the ribozyme; (b) the 
class II ligase catalyzes the addition of three 




nucleotide 5'-triphosphates (NTPs) to the 
3' end of the primer, directed by an internal 
template; (c) the class l-derived polymerase 
catalyzes the addition of up to 14 NTPs on an 
external RNA template (from Joyce 2002, with 
permission from the publisher). 



(Fig. 4.11 b); finally, the class I-derived polymerase catalyzes the addition of up to 
14 NTPs on an external RNA template (Fig. 4.11 c). 

The hypothetic stage of early evolution, when all biochemistry was mediated by 
different RNA catalysts, is called the RNA world. Invention of genetically encoded 
proteins brought out the new, protein-based biochemistry that soon replaced RNA- 
mediated catalysis. A curious example of this transition to protein-mediated 
functions is that still today some proteins functioning in the regulation of trans- 
lation - namely, some translation elongation factors - are folded into a secondary 
structure similar to that of the tRNAs. Apparently, after the RNA genomes 
accumulated adequate coding capacity, the protein enzymes were able to convert 
the RNA genomes to DNA form. Being much more stable than the RNAs, these 
could evolve into much larger sizes and superior coding capacity. 

With these immense improvements in biochemical functions, the original RNA- 
mediated biochemistry might have disappeared without leaving a trace. However, 
this did not happen, as we do still have some clear molecular relicts, or molecular 
fossils, that apparently have been conserved from the RNA era into present-day life. 
The most convincing molecular fossil from the RNA world is that the primary 
genetic code is still translatable only from RNA sequence (DNA exists only as an 
information storage system, comparable to a hard disk, containing all the data but 
no running program for translating this information). Further, the translation 
reaction, or the formation of the peptide bond, is still mediated by one RNA 
component of the ribosomes, and the tRNAs still bring the amino acids into the 
translation reaction. Several other small functional RNAs exist in present-day cells 
(Table 4.3) and also may be functional relicts from the early RNA era. 

As mentioned in Section 4.3, some of these RNA catalysts - particularly those 
that function in the maturation of different RNAs, especially small nuclear RNAs 
and nucleolar RNAs - as well as RNA-containing telomerase enzymes still occur in 
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the eukaryotic organisms (Table 4.3). This suggests that those (slow) RNA-medi- 
ated functions have been maintained in eukaryotes from the times of RNA-based 
life. In prokaryotes, many RNA-processing functions have been replaced by pro- 
tein-catalyzed functions, apparently due to their adaptation to faster replication and 
to more efficient RNA processing, particularly in hot environments. For these 
reasons it might be thought that the eukaryotic genome type - although expanded 
to huge sizes and complex gene sets over time - would be of a more ancient type 
than the small and sophisticated prokaryote genomes. 

4.6.1 

Origin of the RNA World 

4.6.1 .1 Prebiotic Assembly of Polymers 

In order to get the functional RNA world started, preexistence of RNA polymers 
was required. These RNA polymers supposedly appeared by spontaneous assembly 
or polymerization of nucleotide monomers. They had to accumulate to significant 
amounts, and be of considerable length and variation, to ensure that this random 
collection contained some (or even one) that had the potential of copying itself and, 
later, of copying even other RNAs. 

The prebiotic, i.e., spontaneous, polymerization of RNA nucleotides is difficult to 
explain with known RNA chemistry, because nucleotide polymerization requires 
energy and does not happen easily (see Chapter 3). It has been intensively studied - 
e.g., in the laboratory of James Ferris - and in these optimized conditions, 
polymers of about 40-50 nucleotides were produced. Such polymerization results 
have been obtained by allowing activated nucleotides to react in aqueous solution 
in the presence of clay minerals, which significantly enhanced the polymerization. 
The enhancement by clays is caused, assumedly, by their fine-layered structure, 
composed of mineral grains with di- and trivalent positive charges. Those cationic 
surfaces bind and immobilize the negatively charged nucleotides, placing them in 
suitable positions to promote their reactions with each other. Further on, binding 
to the clay surfaces significantly stabilizes the ready-made RNA polymers, which 
otherwise would be very easily degraded by hydrolysis. 

The group of Deamer reports that another environment that promotes RNA 
polymerization, although to a lesser extent than clays, is the eutectic (very cold) ice 
solutions; an icy environment is also known to promote the ribozyme-catalyzed 
ligation of RNAs. The liquid water phase remaining in between ice crystals 
concentrates the precursors effectively, and the low temperatures help to slow 
down the reacting components to allow the formation of the phosphodiester bonds 
between nucleotides. 

For building the nucleotide polymers, the nucleotides need to be linked to each 
other via phosphodiester bond between the 3' and 5' carbons of the adjacent sugars 
(Fig. 4.3). For this, the nucleosides first have to be phosphorylated at their 
5' carbon. In the early world this was problematic because soluble phosphates 
were not readily available. It is possible that the inorganic phosphate dissolved in 
low amounts from calcium phosphate (hydroxyapatite) mineral or from volcani- 
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cally produced linear polyphosphates, or from their breakdown products, and 
phosphorylated nucleosides to nucleotides. But this reaction is difficult and might 
occur only in the presence of urea, ammonium chloride, and heat. 

Polymerization of the nucleotides requires that they be activated by some high- 
energy bond at the 5' position to provide energy for the uphill reaction. In present- 
day life, this binding energy is obtained from the hydrolysis of the triphosphate 
moiety, but this was not adequate in the prebiotic world because triphosphates 
alone do not promote (non-enzymatic or non-catalyzed) polymerization. Therefore, 
it seems that the nucleotides had to be charged with other available molecules, such 
as amino acids, bound with high-energy bonds at the 5' position of the phosphory- 
lated nucleotides. The most effective activating groups, now commonly used for 
the polymerization experiments in laboratories, are the different phosphorami- 
dates, such as phophoramidazoles. These compounds are formed from nucleoside 
5' polyphosphates and amines or imidazoles; but such complex activating groups 
might not have been available in the prebiotic environment. 

A further complication in the polymerization of ribonucleotides is that in a 
mixture of monomers, several different reactions take place. To make a functional 
polymer, the monomers must form the mono-phosphodiester linkage exactly 
between the 3' and 5' carbons of the adjacent nucleotides. However, the ribose 
ring has reactive groups in carbons at positions 5', 3', and 2' (Fig. 4.3). In prebiotic 
conditions all these groups could react with each other, and cyclic compounds 
could be formed between the 2' and 3' OH groups. Furthermore, the phosphate 
molecules might have formed different polyphosphate linkages between different 
carbons. All these varying bonds would have produced dead-end products for 
further polymerization. It is still unclear what kind of conditions promoted the 
nucleotides to react in an orderly fashion to produce only the correct, 3'-to-5'-linked 
RNA polymers (Fig. 4.4). 

4.6.1 .2 The Building Blocks of the RNA World 

For synthesis of nucleosides, the purine bases adenine and guanine (A and G), the 
pyrimidine bases cytosine and uracil (C and U), and the D-isoform of cyclic ribose 
sugar are needed. Prebiotic synthesis and assembly of these nucleoside building 
blocks have been intensively studied by groups of chemists led by Gerald Joyce, 
Stanley Miller, Leslie Orgel, and Alan Schwartz. The prebiotic synthesis of these 
components, as well as the prebiotic synthesis of their small organic precursors 
such as CH 4i NH 3 , CH 2 0, CNH, CN 2 H 4 , C 3 NH, CH 2 0, CN 2 H 4 0, and SH 2 , is 
covered in Chapter 3. 

Provided that ribose sugar and the nucleobases were available, further on the 
bases had to be covalently linked in |3-orientation with the V carbon of ribose to 
form nucleosides. This reaction may be activated by heating and it produces purine 
nucleosides, although with very low yield. Routes for prebiotic synthesis of pyr- 
imidine nucleosides are not well known, but they may be feasible via multiple 
sugar phosphate intermediates. Recently, a completely different route has been 
found, where a-D-cytosine was produced directly from ribose sugar and hydrogen 
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cyanide. This efficient reaction thus produced cytosine, even if of the wrong 
isoform, and it also converted the existing (unstable) ribose into a stable form. 

Prebiotic synthesis of nucleotides would have yielded a racemic mixture of a 
variety of different nucleotide analogues, both in a and p and in L- and D-isoforms. 
A spontaneous polymerization reaction of such (randomly) phosphorylated nu- 
cleotides would have been very slow and would have led to a wide variety of 
different linkages, formed between the whole variety of different nucleotide ana- 
logues and isoforms. Such randomly linked oligomers or polymers would not have 
been extendable or functional as templates for replication. 

Altogether, prebiotic formation of RNA nucleotides and their polymers, starting 
from small molecular precursors such as HCN, NH 3 , CH 2 0, CH 4 , P0 4 3 ~, or H 2 0, 
involves so many unlikely or adverse chemical steps that many chemists have 
speculated that RNA synthesis had to be preceded by simpler chemical polymers - 
or by nucleic acid analogues whose backbone is composed of non-chiral structures. 
Polymers proposed as hypothetical predecessors of the RNA world include peptide 
nucleic acids (PNAs) with a peptide as backbone, threose nucleic acids (TNAs), and 
pyranosyl-derived nucleic acids (p-RNAs) (see Chapter 1). If any of these polymers 
was a direct precursor of present genetic material, then it must have been possible 
to transfer the information by copying or transcription from this molecule into 
RNA or DNA sequence, which indeed has been experimentally demonstrated for 
PNAs. However, the role of other polymers in the early steps of molecular 
evolution does not seem very plausible, because the central molecules of early 
life (the ribosomes and tRNAs) are based solely on RNA molecules. 

To find possible solutions for the appearance of the nucleotide-based (very 
complex) genetic information, Cairn-Smith (1982) has postulated that instead of 
organic polymers, entirely different molecules, such as minerals, may have con- 
tained the earliest pre-genetic (replicating) information. Still, it is not clear how any 
specific information would have been coded in the crystal structure of mineral 
surfaces, or how these would have been converted to be biologically significant. 
Little is known, as yet, of what the available starting materials were, what the 
conditions were where the prebiotic chemistry took place, and what chemical and 
physical reactions and selection processes were driving the increasing complexity 
of the early polymers (see also Chapter 1). 

4.6.1 .3 Where Could the RNA World Exist and Function? 

The question of the possible location and conditions of the proposed RNA world is 
very difficult. It is assumed that the initial RNA polymers were formed by random 
polymerization of nucleotides, but this scenario requires that the nucleotides had 
to be initially available in the environment. Further on, for the synthesis of 
nucleotides, their precursors - ribose sugar, purines and pyrimidines, and phos- 
phate molecules - had to be available. For the prebiotic synthesis of those com- 
pounds, their precursors or the small organic molecules such as CH 2 0, CNH, 
CN 2 H 4 , and HNCO had to be available in adequate amounts. To drive repeated 
polymerization reactions, leading to significant accumulation of the products 
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(adequate for starting a whole new polymerization and replication network), a long- 
term, high-level supply of nucleotides would be required. 

The prebiotic synthesis or at least the accumulation of nucleotides would need to 
happen in conditions where, further on, the nucleotides could spontaneously 
polymerize. The conditions also should have been adequately gentle to maintain 
the polymers intact. The prebiotic synthesis of some of the precursors happens 
preferably in cold or mildly warm conditions (synthesis of nucleic acid bases), 
while other steps require heat (nucleoside formation and phosphorylation). So it is 
conceivable that the locations for the different steps may have been temporally or 
locally separate. 

The polymerization of nucleotides needs to take place in an aqueous environ- 
ment because the nucleotides are water-soluble and liquid water is needed to carry 
them into the reaction site. However, water efficiently reacts with the RNA 
polymers to hydrolyze the phosphodiester bonds, which breaks up the polymers. 
The hydrolysis reactions occur faster at higher temperatures; therefore, cool, close 
to freezing temperatures would be more suitable for preserving RNA polymers. 

A further complication arises with the templated polymerization - meaning the 
copying or replication of existing RNA strands. Because the phosphate groups 
forming the phosphodiester bonds carry a negative charge of -1, the total charge 
of the polymer is highly negative. In the templated replication, the complementary 
strand is assembled on the existing template by hydrogen bonding between the 
complementary nucleotides (A to U and G to C) (Fig. 4.4). For stable assembly of the 
complementary strand, the negative charges of the phosphates need to be neutral- 
ized by an adequate level of soluble cations (positive ions). This neutralization 
together with the hydrogen bonding of the bases leads to a stable assembly, and 
the double-stranded product is closed for any further assembly of new strands on the 
same templates. Thus, the double-stranded structure could be a dead-end product. 

To avoid this, some energy input or radical change of environment - e.g., by 
dilution out of the cationic ions or warming up of the solution - would be needed to 
open up the double helix. Lathe (2005) has proposed that alternating conditions of 
low and high salt concentrations (as in tidal pools) would be needed to drive the 
assembly and separate the daughter strands. Brown and coworkers have experi- 
mentally shown that efficient melting (i.e., separation) of double-stranded nucleic 
acid strands can be obtained by convection-driven cycling of molecules in micro- 
compartments located in steep temperature gradients, such as the tiny compart- 
ments in the FeS precipitate mounts of hydrothermal vents. 

Still another putative environment that might have driven prebiotic chemistry 
and the assembly of macromolecules, possibly including polymers, is the sandy or 
silty beaches washed by the ocean tides. Bywater and Conde-Frieboes (2005) have 
proposed that in these locations the ocean water would have brought in the 
precursors for the reactions, and these might have been bound, by hydrogen 
bonding or ionic forces, to the cationic minerals in the clay and sand. Small drying 
ponds might have provided the concentration mechanism for the compounds, and 
the subsurface layers of sand might have provided protection against UV radiation, 
as well as size-based fractionation and concentration by chromatographic filtration. 
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The clay-like minerals would have been suitable catalytic surfaces for the assembly 
of nucleotide polymers. The repeated washes by new waves or tides might have 
provided the cyclic dilution effects needed for the separation of the replicating 
nucleotide strands, as proposed by Lathe. 

4.7 

Beginning of Life 

The above discussion should indicate that the origin of life was by no means 
simple. Rather, it should have been a procession through multiple stages of 
spontaneous - but most often uphill - reactions of molecular chemistry and 
evolution towards cellular life. Within this procession it is difficult to determine 
when life actually started. It seems that there was a stage where the developing 
system was not yet clearly alive, and also no longer clearly lifeless, but swaying in 
between different directions of development in a type of bifurcating stage. Such a 
threshold level could have been achieved when the first sequences could replicate 
themselves but when there were no biosynthesis pathways, as yet, for any of the 
precursors or building blocks for making more of the same molecules. The system 
was modified and adapted by a selective evolution, but it was still wholly dependent 
on the supply of complex materials from its environment. It is conceivable that 
such a threshold stage could have developed in several directions: one, for instance, 
to produce the semi-living (replicating but not autonomous) viral world and 
another to produce autonomous cellular life. Parasitic and synergistic interactions 
also evolved - the viruses ending up as parasites of cellular life - but the early 
molecular interactions may have been more varied. 

The question of the beginning of life is related to how we define life. Life, as we 
now know it, is very complex and versatile, but the definition should include just 
the very minimal and first features that were required of a system to become alive. 
Andre Brack has defined primitive life as an aqueous chemical system able to 
transfer its molecular information and to evolve (see Chapter 1). Eigen has 
described life as phenomena in the multidimensional information space, where 
the species - or quasi-species - form as their genomic sequences accumulate in the 
proximity of the optimal or best-adapted sequence, at so-called "fitness peaks." 
Both these descriptions emphasize the information-driven nature of life, the 
maintenance of information via replication, and accumulation of new information 
via natural selection and evolution. 

In a reductionist way, it might be claimed that genomic information is the 
essential part of life and that the cellular structure serves only as a vehicle to 
maintain and renew the information. But the cellular structure has played a central 
role in the formation of information: the accumulated information just reflects the 
needs of the cells, and the optimized information is determined by the adaptation 
of the cell to its environment. 

The very initial functional information appeared by accident, as a random 
sequence was able to replicate itself. The further accumulation of information 
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took place via improvement of that very function. When the system grew and 
evolved, new functions were "invented" that allowed the system to survive better in 
its environment. The selection, or genetic adaptation, was mediated via different 
interactions. Intracellular molecular interactions were, and still are, of essential 
importance, as were the interactions of the cell with its surroundings, with the 
members of its own species, and with the whole surrounding ecosystem. These 
interactions are the driving force for the accumulation of genetic information. 

Even the simplest cellular life is mediated via multiple biochemical reactions 
driven by energy conversion reactions and, ultimately, by energy drawn from a 
suitable energy source. With these, life achieves a remarkable organization of 
matter and energy. The cellular structure is essential for the containment of all 
these reactions and for the assembly of the organized structures. 

Thus, life is indeed based on genetic information and on evolution, but the third 
essential parry in the assembly of life is its cellular form. The cell and its inter- 
actions with the environment - and, on the other hand, its separation from the 
environment -build the entity that has allowed the accumulation of information 
and that has facilitated evolution, and the self-sustained existence of the organism. 
Its existence still depends on suitable energy sources and availability of nutrients, 
i.e., on the life-supporting environment. A cell, adapting in its life-supporting 
environment, was the last defining requirement for the establishment of life as 
we know it on Earth. 
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4.9 

Questions for Students 

Question 4.1 

What are the difficulties in understanding of the origin of life? 
Question 4.2 

What are the building blocks of life and how do they assemble to make functional 
cells? 
Question 4.3 

What are the putative steps required for the establishment of self-sustainable life? 
Question 4.4 
Explain the RNA world. 
Question 4.5 

What kind of conditions might have driven the prebiotic molecular evolution 
towards life? 
Question 4.6 

What can we say of the LUCA and of the differentiation of the three domains of 
life from LUCA? 
Question 4.7 

How do you define the beginning of life? 
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In this chapter, contemporary cellular life is analyzed in order to 
see which components are the most ubiquitous and conserved in 
all life forms and therefore assumed to be the most original func- 
tional units of life. Molecular analysis of these structures gives 
suggestions of how they were involved in early molecular evolution 
and what functions they may have provided to the early (pre- 
cellular) replicators. By going backwards, step by step, one sees 
which inventions had to precede each stage of early evolution: 
genetically encoded proteins had to exist prior to the establishment 
of the Last Universal Common Ancestor (LUCA), and RNA repli- 
cators, or replicating RNA analogues had to predate genetically 
encoded proteins. Special attention is given to the most conserved 
components of the present life forms, considered to be relicts of the 
early RNA world. 



4.1 

History of Life at Its Beginnings 

Our home planet was formed about 4.6 billion years ago. The initial conditions on 
the young planet Earth were very harsh. The accretion process had heated the 
protoplanet, and the temperature of the young planet was further increased by the 
greenhouse phenomena caused by the dense atmosphere formed by H 2 0 and C0 2 
and by continuing impacts from the colliding comets and meteorites. The initial 
planet temperature was hot enough to keep the Earth's crust in liquid form, 
forming a magma ocean on the surface. As the planet radiated heat, the temper- 
ature was reduced; when it came down to about 200 °C, with the prevailing high 
atmospheric pressure, the water vapor precipitated and rained down to form 
oceans. The dating obtained from the oldest zircon crystals indicates that liquid 
water was present on the planet 4.4 billion years ago. The first Earth crust formed 
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underneath the water. Because of heavy cometary and asteroid impacts, the con- 
ditions on Earth remained hot and violent for perhaps 500 million years; this time 
is called the Hadean period. 

Conditions during the Hadean period are difficult to investigate because all the 
rocks formed during that era have been thoroughly metamorphosed by the tectonic 
processes of the later times. The oldest still existing sedimentary rocks are located 
at Isua, Greenland, and date back to about 3.8 billion years. These rocks contain 
small granules of sedimented carbon, which is specifically enriched in the 12 C 
rather than the heavier 13 C isotope. The enrichment of the lighter carbon isotope in 
these sediments suggests that the carbon was once bound in biologically produced 
compounds (see Chapters 1 and 2). The real biological origin of these carbon 
deposits has been questioned, but other nearly as old samples containing 12 C- 
enriched carbon and fossilized microbial structures have been detected at two other 
locations: in the 3.5-billion-year-old sediments at Pilbara, western Australia, and at 
Barberton, South Africa. These findings suggest that life was well established, and 
apparently widely distributed on the Earth, at this very early stage - or soon after 
the heavy bombardment ended and the planet cooled to temperatures conducive 
for life. It is not known at what temperature regimes life started. The most 
thermotolerant contemporary life forms are known to propagate in temperatures 
up to 113 °C (see Chapter 5), but the prebiotic replicating macromolecules, and also 
the earliest cellular structures, may have been rather fragile and sensitive for 
hydrolytic conditions and most likely were not durable in very high temperatures. 

Since its early start, life has spread and diversified and now occupies all con- 
ceivable ecological niches on the Earth (see Chapter 5). During its spread and 
accumulation, life has also modified the environment and has profoundly changed 
the conditions on planet Earth, including the chemical composition of the atmos- 
phere, the oceans, and the Earth's crust. The long-term geological processes of 
tectonics, volcanism, weathering and erosion, as well as degrading processes 
caused by life itself, have completely reshaped and mixed multiple times the 
conditions that prevailed on the early Earth and have abolished most of the 
chemical and geochemical traces that were formed at this early time. Therefore, 
there are not any direct data of the conditions that once allowed or induced the 
origin of life. It is even not know in what type of locations on Earth - or, potentially, 
on nearby planetary bodies - life did start. Thus, trying to trace back the very 
earliest stages of this process becomes difficult and speculative. 

However, different scientific approaches may be used to try to resolve what kind 
of conditions and what chemical compounds might have driven the life-producing 
reactions. Clearly, the origin of life has been a very complex process and needs to be 
studied in many different fields of science. Astronomy is needed to resolve how the 
elements, the Solar System, and the planet Earth were formed in the first place. 
Geosciences are needed to resolve the conditions on the early Earth and the 
composition of the early atmosphere, the ocean, and the crust. Inorganic and 
organic chemistry are needed to resolve how the elements, inorganic minerals, and 
volatiles may have reacted to form small organic compounds and more complex 
organics such as nucleotides and amino acids, which are the building blocks of life. 



4. 7 History of Life at Its Beginnings | 87 

Further on, the quest is to resolve how these organic molecules may polymerize 
and, in particular, how these reactions might conceivably have happened in pre- 
biotic conditions in the absence of genetically encoded enzymes and biochemical 
reactions. 

Present-day life is solely driven by multiple protein-catalyzed (-mediated) bio- 
chemical reactions and complex molecular interactions. The fields of biochemistry 
and bioinformatics study how these enzymes and other proteins now function and 
how they have changed over the evolution of life. These studies can identify the 
genetic sequences that are the most conserved (i.e., the oldest and most original 
ones) in different life forms. Of particular interest here are the reactions that still 
are catalyzed not by proteins but by different RNA molecules. Such RNA enzymes 
(or ribozymes) may be derived from the very oldest life forms or from the era 
predating the DNA-protein-based life forms. 

As a central part of the study of life, different fields of biology study the essential 
structures and functions of life; how life reacts and adapts in its environment; and 
how all functions are mediated, regulated, and coordinated on the cellular and 
molecular level. All these integrated efforts are needed to construct an under- 
standing of what life is, how it has evolved through times, and, maybe, how it 
started in the first place. 

It may be assumed that the chemical and molecular evolution towards life 
proceeded through a long cascade of different stages, initiated by spontaneous 
reactions between abundant chemical elements, or the chemical constituents of 
life: carbon, hydrogen, oxygen, nitrogen, sulfur, and phosphor (C, H, O, N, S, P). In 
some high-energy conditions these elements formed reduced carbon and nitrogen 
compounds, such as hydrogen cyanide (HCN), ammonia (NH 3 ), methane (CH 4 ), 
and formaldehyde (HCHO). In suitable conditions these small organic molecules, 
together with water (H 2 0), reacted to form the building blocks of life: the nucleic 
acid bases (purines and pyrimidines), sugars and other hydrocarbons, and amino 
acids (see Chapter 3 and Section 4.2). These, again via multiple chemical reactions 
and interactions (which are not well understood as yet), formed polymers and 
more-complex molecules. Some of the polymers gained the chemical potential to 
copy themselves or to replicate, which was the first major transition towards the 
origin of life. Replication initiated molecular evolution, which led to the invention 
of genetically encoded proteins and, eventually, to the appearance of the first 
cellular life forms. From then on, the diversification of life into all the species of 
the biosphere has been covered by Darwinian evolution. 

This chapter aims to trace back this process in order to visualize the different 
stages of the progress from early organic molecules to cellular life forms. Instead of 
starting from the very beginning and progressing upwards, the chapter starts from 
the central features of cellular life as they are known now, because it is known for 
certain that this is what eventually came out of early evolution (at the time it 
happened, evolution was random and not directed - the outcome could be known 
only after it had happened). Then proceeding backwards, step by step, it discusses 
what types of simpler forms could have given rise to each of the new and more 
complex innovations. 
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4.2 

Life as It Is Known 

4.2.1 

The Phylogenetic Tree of Life 

Life is characterized by endless complexity. On the visible level one can observe the 
multitude of genera, species, forms, and individuals, each thriving in their own 
typical ecological niches. Cells of higher organisms are differentiated into organs 
and tissues, which each present their specific form and function even that they all 
are regulated by the same genome of the same individual. Variation of species and 
subspecies in the microbial world is vastly larger than that of the macrospecies. The 
microbial species can be separated into three different domains of life. Single-celled 
organisms such as yeasts, ciliates, and flagellates, which do posses a nucleus in their 
cells, together with all the higher organisms belong in the domain of Eukarya. The 
cells that do not posses a nucleus belong to the prokaryotes, which again belong to 
two distinct domains, the Bacteria (or by older nomenclature, the Eubacteria) and 
the Archaea (older name, the Archaebacteria). These three domains of life (Eukarya, 
Bacteria, and Archaea) each constitute their own and separate lineages of life and can 
be distinguished from each other by multiple genetic and biochemical markers. 

The three domains of life share a large number of common features that are 
ubiquitous to life, or are the same or very similar in all living organisms. It is 
believed that these features were inherited from a common ancestor of all life 
forms, the Last Universal Common Ancestor (LUCA). However, the properties of 
LUCA at the time of diversification and the exact sequence of the separation of the 
three lines are still unclear. Clearly, the common ancestor has developed through a 
cascade of gradually increasing complexity, and it is not quite clear, which stage 
was The Last Common One. As reviewed by Delaye and coworkers (2005), it might 
have been a community of simple precursors of life, the so-called progenotes (see 
Section 4.3.2), or even a community of free-living replicating molecules, predating 
the establishment of cellular life. However, recent phylogenetic studies (i.e., 
studies of the lineages and relatedness of known organisms through statistical 
comparison of their genetic sequences) by, e.g., the groups of Lazcano and 
Doolittle, indicate that LUCA was a well-established cell line. The properties of 
LUCA will be discussed below. 

4.2.2 

Life is Cellular, Happens in Liquid Water, and Is Based on Genetic Information 

From unicellular microorganisms to all higher life forms, all life on Earth is 
cellular (Fig. 4.1). Prokaryotes are single-celled organisms. The cells are simple 
and usually devoid of any internal membrane structures (except for the photo- 
synthetic cyanobacteria, which possess intensive photosynthetic membranes). The 
cells are spherical, ellipsoid, elongated, or rod-shaped (see Chapter 5) and of sizes 
varying from 0.1 urn to 600 |xm, depending on the species. 




m 

Fig. 4.1 All life is cellular. (A) Microscopic view of (unidentified) 
bacterial cells. (B) Scheme of a eukaryotic cell (animal cell on the 
left, and plant cell, with a rigid cell wall, on the right) showing the 
intensive internal structure. 



All eukaryote cells have intensive internal structure. Cell organelles include 

• the nucleus (contains the chromosomes or the genomic 
DNA); 

• mitochondria (energy-producing organelles); 

• the endoplasmic reticulum (internal membranes), 

• the Golgi apparatus (membranous vesicles for protein pro- 
cessing and transport), 

• lysosomes and peroxisomes (for containment of degradative 
enzymes and wastes); and 

• chloroplasts (photosynthetic organelles; in plant cells only). 

The cells of all eukaryotes are very similar to each other, except that the plant cells 
have thick and rigid cell walls and contain numerous chloroplasts (or other types of 
plastids). Typical sizes vary from 10 |xm to several hundred micrometers, but some 
large cell types occur (of a size up to more than 1 m for some nerve cells). 

Multicellular organisms may be conceived as tightly bound colonies of individual 
cells. The cells are entities contained within the cell membrane, which separates 
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the cell from its environment but also allows sophisticated communication with 
the environment. The communication includes the intake of water and necessary 
nutrients, excretion of waste products, receiving of chemical signals via different 
receptor molecules, and sending off signals via secretion of different molecules. 
Thus, the cells dynamically communicate with their environment. All communi- 
cation through the membrane is mediated via specific proteinaceous channels and 
structures embedded in the membrane, because the membrane itself is a hydro- 
phobic barrier and therefore impermeable to water-soluble molecules. 

Inside the cells, life is a chemical process where multiple biochemical reactions 
take place in aqueous solution. Water functions as the solvent and carrier for ionic 
and polar molecules, and also is a reacting component in many reactions. Water 
also serves as the exclusion medium to allow the lipid molecules to assemble and 
form membranes, and as the medium that interacts with proteins, helping them to 
fold into their three-dimensional forms. Therefore, water provides a suitable 
environment for the different cellular reactions and for the assembly of important 
cellular structures. It provides turgor (internal pressure) and strength to the cells. 
Water is such an essential environment and requirement for all the life functions 
that it seems likely that the origin of life had to happen in an aqueous environment 
(see Chapter 1). 

Proteins, or gene products, have a multitude of essential roles in the cells. They 
form several different structures, such as the cytoskeletons in eukaryotes, com- 
ponents of cell walls, and the porous structures in cell membranes. They regulate 
reactions such as gene expression and genome replication, and they function in 
signal transduction by interacting with different target molecules. Still another 
area where proteins are essential for life is in the (regulated) catalysis of all the 
reactions going on inside the cells. Most cellular molecules are both synthesized 
and degraded via multi-step reaction pathways - and none of these reactions 
would happen, at least at any desired rate, without the assistance of proteinaceous 
enzymes. Even the energy conversion and -releasing reactions have to be medi- 
ated via enzymatic catalysis so that they happen in a controlled and regulated 



Fig. 4.2 Chemical reaction 
rates in dependence of sub- 
strate concentration, with and 
without enzyme catalysis. En- 
zymes speed up reaction rates 
very strongly as compared to 
non-catalyzed reactions and 
make them happen efficiently 
even at very low substrate con- 
centrations. The maximum rate 
of reaction is reached when the 
enzyme becomes saturated 
with the substrate molecules. 




At adequate substrate level, the 
maximum reaction rate is determined 
by enzyme saturation 



Reaction rate with enzyme catalysis 



Reaction rate without enzyme catalysis 



Substrate concentration 
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Fig. 4.3 Structure of the components 
of genetic material: the nucleic acid 
bases adenine, guanine, cytosine, 
thymine, and uracil; the deoxyribose 
and ribose sugar molecules; and the 
phosphate moiety. 



fashion. The enzymes themselves do not participate in the reactions but associate 
with the reacting molecules and hold them in such a conformation that the 
reaction can proceed. Enzymatic catalysis is capable of raising reaction rates by 
many orders of magnitude, from nearly zero to very high, and in practice most 
biological reactions would not happen in physiological conditions without enzyme 
catalysis (Fig. 4.2). 

Proteins form the tools and the structures in the cells, and genetic information, 
encoded in the genomic deoxyribose nucleic acid (DNA), specifies how these tools 
and structures are made. Life depends on the function of the proteins and thus on 
the genetic information coding for them. Proteins are composed of long chains of 
different amino acids, and the sequence of the amino acids in these chains is 
determined by the genes coding for them. From the DNA, the protein-coding 
sequences are first copied into ribose nucleic acid (RNA) and from this are 
converted into amino acid sequences in peptide chains. RNA is a polymer molecule 
very similar to DNA; it is composed of similar nucleotide components, with only 
the small difference of an OH group, rather than H, being connected to the carbon 
in position 2 (2') in the pentose sugar ring (thus, the sugar is ribose instead of 
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deoxyribose) (Fig. 4.3). However, this OH group is very reactive and, differing from 
the DNA, makes the RNA polymers very fragile, unstable, and short-lived. 

4.2.2.1 Genetic Information 

The complexity of life extends strongly to the molecular level, i.e., to the nucleic 
acid and protein level inside the cells. The genetic information is encoded in the 
genomic DNA in the sequence of four different deoxyribonucleotides (or, in short, 
nucleotides), which are the phosphorylated form of adenosine (A), guanosine (G), 
cytosine (C), and thymidine (T) nucleosides. In RNA, the uridine nucleoside is 
used instead of the thymidine nucleoside. The nucleosides themselves are formed 
of the corresponding bases (adenine, guanine, cytosine, thymine, and uracil); of 
these, A and G bases are purines and C, T, and U bases are pyrimidines (Fig. 4.3). 
The bases are covalently bound to a deoxyribose (in DNA) or ribose (in RNA) sugar 
to form nucleosides. These are phosphorylated at the carbon at their 5' position to 
form nucleotides, and these again are connected into long chains via phospho- 
diester bonds between the 5' and 3' carbons (these are the carbons in positions 3 
and 5 in the ribose ring) of the adjacent sugars (Fig. 4.4). 

The number of nucleotides in the genomes varies largely between different 
species. The genomes of the smallest prokaryotes are composed of about 0.5 x 10 6 
nucleotides, while the genome of the bacterium Escherichia coli is composed of 
4.8 x 10 5 nucleotides. The smallest eukaryotic genomes are about an order of 
magnitude larger, but the more complex ones are many orders of magnitude larger 
than the prokaryote genomes. The genome of wheat, for instance, is composed of 




Fig. 4.4 Schemes of DNA. (A) The deoxyribonucleotide polymer 
formed by diester bonds between the 3' and 5' carbons of 
adjacent nucleotides; (B) the double helix of two DNA strands 
showing the base pairing of the nucleic acid bases. 
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about 17 000 x 10 6 nucleotides, the human genome of 3 400 x 10 6 nucleotides, and 
that of the fruit fly of 97 x 10 6 nucleotides (Table 4.1). Further, the number of genes 
varies a lot, being about 400 in the smallest endosymbiotic bacteria (Buchnera 
aphidicola) and some hundreds of thousands in the largest genomes. 



Table 4.1 Genome size and coding content of different types of 
organisms. 



Species Domain Genome size No of genes Coding (%) 

(million bpp 



Mycoplasma genitalium Bacteria 0.58 470 100 

Escherichia coli Bacteria 4.8 4 288 100 

Methanococcus jannaschii Archaea 1.7 1 738 100 

Saccharomyces cerevisiae Eukarya 12 6 144 70 

Caenorhahditis elegans Eukarya 100 18 266 25 

Arahidopsis thaliana Eukarya 100 25 498 31 

Homo sapiens Eukarya 3 400 32 000 28l b l 

1.4M 

Triticum aestivum Eukarya 17 000 60 000 Not determined 

Amoeba duhia Eukarya 670 000 Not determined 



a Million base pairs = number of nucleotides. 

b Total. 

c For proteins. 

The very large genomes, e.g., those of wheat or amoebas, have not been sequenced. 
Therefore, their accurate sizes and gene contents are not known as yet but can be 
estimated from their physical properties. It is clear that genome sizes are correlated 
with neither the size nor the complexity of the different species. This seeming 
paradox is explained by the fact that the large eukaryotic genomes contain large 
amounts of non-coding DNA. In humans, for instance, only about 1.5% of the 
genomic DNA codes for protein products, and only about 28% of it is transcribed 
into RNA. A large part of the remaining DNA is composed of highly repetitive 
sequences, which are often referred to as "junk-DNA." However, the non-coding 
DNA is not all insignificant, because some of those sequences have important 
functions as structural elements of the DNA or have contributed (or may contribute 
in the future) to the evolution of the genome. 

Although the cellular genomes are very large, they function in very controlled 
manner. Among all the multiple genes, and in the middle of the very large non- 
coding sequences, the functional genes are expressed in a highly coordinated 
fashion: the amount, timing, and location of the expression of each gene are 
accurately regulated. The gene regulation is mediated mostly by different proteins 
- but in many cases also by small, non-coding RNAs. 

Different proteins, RNAs, membranes, and small soluble molecules such as 
sugars and salts fill up the cellular contents, up to a level of molecular crowding in 
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Fig. 4.5 Flow chart of the expression of genetic information. 



the interior space. Although the cellular contents are very complex, their central 
functions are uniform between all different cells and between all species. Partic- 
ularly, the genetic code itself and its expression mechanism are the same, in 
principle, in all species (Fig. 4.5). 



4.2.2.2 The Genetic Code and Its Expression 

The genetic information is encoded in the nucleotide sequences in groups of 
three adjacent nucleotides, the codons, each corresponding to specific amino 
acids (or a stop sign). Although the four nucleotides (A, G, C, and T in DNA; 
in RNA, T is replaced by U) can be organized into a total of 4 3 = 64 different triplet 
combinations, only 20 different amino acids are utilized and coded for in the 
current life forms - although some prokaryotes use 22 different amino acids. 
Thus, the coding system includes some redundancy: several codons code for the 
same amino acid (Table 4.2). Each gene is composed of a set of triplet codons. The 
code of each gene (or the open reading frame, ORF) starts at a specific ATG triplet 
in the DNA and continues until it reaches one of the following triplets: TAG, 
TAA, or TGA, which do not code for any amino acid. These stop codons mark the 
end of the gene (Table 4.2). In eukaryotes the genes are often interrupted by 
intervening sequences (introns) that must be removed from the sequence during 
its expression process. 
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The genetic code is interpreted (or expressed) in a multi-step process (Fig. 4.5) that 
converts the sequence of the nucleotide triplets into a linear sequence of the 
corresponding amino acids (Table 4.2). First, the sequence of the target gene is 
copied (transcribed) into a messenger RNA (mRNA). The mRNA contains the 
same sequence as the corresponding DNA, but in contrast to DNA, the RNA 
polymer is short-lived and is used only for short-term expression of the code. 
The mRNA associates with the two subunits of the ribosome, which then moves 
along the mRNA and recognizes the triplet code, starting from the first AUG codon 
on the mRNA (corresponds to the ATG on the DNA). The nucleotide triplets are 
recognized by the anticodon triplets of the aminoacylated transfer RNAs (tRNAs), 
which enter into the ribosome complex and bring in the specific amino acids 
corresponding to each triplet codon. The peptide bonds between the adjacent 
amino acids are formed by the catalytic RNA component of the ribosome (riboso- 
mal RNA, rRNA). As these amino acids are brought into the reaction complex, the 
ribosome joins them into a long chain or "translates" the nucleotide sequence into 
an amino acid sequence (Fig. 4.5). The produced amino acid chain is initially called 
a polypeptide, but after it folds into the accurate three-dimensional structure, it 
becomes a functional protein. 

Thus, the components needed for the expression of the genetic code are the 
mRNA, the tRNAs and the amino acids, and the ribosomes. The ribosome itself is 
composed of multiple proteins and RNAs (varying from 52 to 79 proteins and from 
three to four RNAs in different species). Each of the steps of the gene expression 
(transcription, tRNA amino acylation, and the translation itself) requires multiple 
accessory proteins for correct function and regulation. This strong protein depend- 
ency of the whole gene expression process creates a dilemma similar to the one of 
the chicken and egg. Proteins are required for expression of the genetic code as well 
as for the maintenance (or replication) of the code, and the code is needed for the 
expression of the proteins. Thus, how could the genetic DNA first be generated and 
replicated, and how was its expression machinery first established - how did this 
cyclic process get started? 

It is assumed that the storage and expression of the genetic information were the 
first hallmarks for life as we know it and that these were the key elements in the 
molecular evolution that led to the birth of the LUCA. They existed already at the 
time of the LUCA, and they required functions such as genome replication, 
transcription and translation, and pathways for amino acid and nucleotide syn- 
thesis. These functions are so essential for present life that their origin is the 
central part of the question of the origin of life as a whole. 

4.3 

Last Universal Common Ancestor (LUCA) 

The features that occur in all life forms are essential to life. Therefore, they should 
have been present already in the earliest established cellular life, i.e., in the LUCA. 
Such conserved features include 
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• the enclosure or containment in cell membranes, 

• the genetic code, and 

• the translation machinery for the expression of the code 
(the ribosomes, tRNAs, and amino acids). 

Some enzymes related to RNA and amino acid biosynthesis and degradation and to 
energy production and use (cell metabolism) also are common to all cellular life. A 
further curious detail that is fully conserved in all cellular life is the symmetry 
breaking, or homochirality, occurring in its central molecules: all the amino acids 
used in the cellular proteins are of the same stereoisomer type, which is the left- 
handed (L) -configuration (see Chapter 2), and the deoxyribose and ribose sugars 
used in all the nucleotides are of the right-handed (D)-configuration only, meaning 
that the bond between the carbons in positions 4 and 5 points up, not down 
(Fig. 4.4). 

4.3.1 

Containment in a Cell Membrane 

As mentioned earlier, all life on Earth is cellular, which means that it is all 
contained within, and separated from its environment by cell membranes. This 
containment is important for many reasons. The molecules synthesized in the cells 
do not escape into the environment, and the concentrations of the intracellular 
molecules are maintained at desired levels by regulating their synthesis and 
degradation. Molecules from outside are transported in and out in a regulated 
manner, and the cellular molecules interact and function in a mutually coordinated 
way. Further, because the cell membrane physically connects the genomes with 
their respective gene products, the selection for beneficial products and functions 
becomes targeted to their corresponding coding sequences, i.e., the genes can 
evolve based on their products. The physical connection also allows the joint 
maintenance of different segments of the genomes and allows their coevolution 
towards synergistic functions. All in all, the cell membrane allows all cellular 
components to function and evolve as one coordinated entity and unit. 

The excellent utility of present-day membranes is related to their highly 
sophisticated properties. Cell membranes are formed of amphiphilic (i.e., one 
end is hydrophobic and the other end is hydrophilic) molecules called lipids, 
which aggregate in water and assemble into bilayers (see Chapter 3). These lipid 
bilayers are themselves impermeable to water, but they are spanned by several 
different proteins that serve as transport channels for water-soluble molecules 
and as receptors for external signals and cues. The cells may also adjust the 
properties of their membranes by changing their protein components or by 
changing the saturation level of lipids according to temperature. Cells continu- 
ously produce new lipids for the growth of their membranes, and different lipids 
are produced to construct membranes for different compartments. Thus, mem- 
branes in current cells are very dynamic and functional. However, the situation 
was quite different at the time prior to the existence of the proteins needed for 



98 | 4 From Molecular Evolution to Cellular Life 

lipid biosynthesis or for membrane transport channels. How could the cells be 
contained at this stage? 

It is possible that some type of membrane was formed in the early world by 
spontaneous assembly of abiotically formed lipids. It has been shown that different 
polar hydrocarbon derivatives, containing 10 or more carbons in their hydrocarbon 
chain, are amphiphilic molecules that may assemble into bilayers, and these again 
may spontaneously form vesicles in aqueous environments. Such aliphatic (or linear) 
and aromatic (or circular) hydrocarbons are present, for instance, in the carbonaceous 
chondrites (see Chapter 3). Hydrocarbon-lipid vesicles might have enclosed the 
earliest genomes and functioned as compartments for their replication. However, 
this scenario involves severe problems. Because the hydrophobic lipid membranes 
separate the organism from the surroundings, they may prevent access to their 
resources, such as useful molecules available in the surrounding. Further, because 
the organism is closed inside a "dead" membrane, it may not be able to expand or 
divide or to allow its progeny to accumulate beyond its own original compartment. 

Several membrane chemists, e.g. the research groups of Deamer, Luisi, and 
Szostak, have attempted to resolve the assembly and the functional parameters of 
spontaneously assembled membrane vesicles. They have shown that the perme- 
ability of the bilayer membranes is related to the length of the aliphatic carbon 
chains: modified hydrocarbons of less than 14 carbons are permeable for small 
ionic molecules, such as amino acids and phosphates. Actually, lipid membranes 
formed of carbon chains of less than 10 carbons are too permeable to maintain any 
ion gradient. The membrane vesicles formed of longer fatty acids, such as oleic 
acid, are semipermeable: small molecules, such as nucleotides or amino acids, may 
diffuse through them while large polymers may not. This property would allow 
spontaneous uptake of nucleotides into the vesicles and retention of the polymers 
inside them. This process would increase the osmotic potential inside of the 
vesicles and cause the growth of the membrane via incorporation of more fatty 
acids drawn from emptier vesicles or from micelles. Thus, the mere hydrophobicity 
of fatty acids or of other lipid molecules may have caused the prebiotic assembly 
and function of primitive, cell-like structures. Indeed, assembly and growth, and 
even division of such lipid vesicles, have been demonstrated in laboratory con- 
ditions. Likewise, nucleotide and amino acid polymerization inside the vesicle has 
been induced, simulating the assembly of small, artificial cells. 

To have an adequate supply of the lipids (or of amphiphilic carbon chains) for 
membrane assembly, the LUCA would have needed the pathways to synthesize 
carbon chains containing at least 10 carbons. A significant dilemma related to the 
origin of the lipid biosynthesis pathways is that in present life two completely 
different types of lipids are used for cell membranes: the Archaea use isoprenoid- 
type carbon chains (polyunsaturated hydrocarbons with methyl side chains), and 
the Bacteria and Eukarya use fatty acid-type (unbranched) carbon chains. These 
types of carbon chains are produced via completely different pathways, and the 
pathway utilized in Archaea does not even exist in Eukarya or in Bacteria. Thus, it is 
difficult to deduce what kind of lipid biosynthesis might have been utilized in the 
LUCA and how this early membrane synthesis gave rise to two different mem- 



4.3 Last Universal Common Ancestor (LUCA) | 99 

brane compositions. It is possible either that several different lipid biosynthesis 
pathways were established in the LUCA population, or that the cellular membrane 
synthesis pathways were established after the divergence of the three domains. 
However, this latter scenario would leave open the question of how, or in what, the 
LUCA was contained. 

It has been suggested by some geochemists that prebiotic reactions and early life 
would have utilized some other types of compartments, formed of inorganic surfa- 
ces. Wachtershauser (2003) has proposed that prebiotic chemistry might have 
occurred on surfaces of clays or minerals where the earliest cells might then have 
assembled. These minerals would have catalyzed the reactions and stabilized the 
forming polymers (see Chapter 1). Martin and Russell (2002), Koonin and Martin 
(2005), and Brown propose that the porous, chimney-like structures of metal sulfide 
(mainly FeS) precipitates, formed at the hydrothermal vents at the bottom of the 
early ocean, functioned as chemically rich, protective hatcheries that provided 
containment and suitable chemical conditions for the chemical evolution towards 
life. The main attractions of these latter ideas are as follows. 

• Firstly, those metal sulfide mounts were formed from a 
multitude of small, interconnected compartments, which 
might have served as containments for chemicals and as 
catalytic surfaces for reactions. 

• Secondly, the hydrothermal vents produced a continuous 
flow of warm geothermal fluid, full of several different re- 
duced chemicals, and it maintained a strong reduction gra- 
dient between the H + -rich geothermal fluid and (supposedly) 
alkaline seawater, driving the reduction chemistry of the 
molecules. 

• Thirdly, the hydrothermal vents produced a temperature 
gradient, providing convection flows to cycle the macromo- 
lecules between double-stranded and single stages (discussed 
in Section 4.6). 

The combination of all these factors might have allowed the evolution of complex 
molecular communities in the cell-like inorganic compartments, until they were 
adequately competent to produce lipids and proteins for cellular membranes and 
structures and might escape from the hatchery to self-sustained life in the outside 
world. 

4.3.2 

Cenes and Their Expression 

One experimental way to study what properties and functions were present in the 
LUCA is to look at which genes or sequences are still common to all the organisms 
whose sequences are known today (assumably derived from the common origin). 
Lazcano and coworkers compared a set of fully sequenced genomes and found 283 
genes that are highly conserved in all Eukarya genomes, 24 that are highly 
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conserved in Bacteria, and 145 that are conserved in Archaea. In all domains these 
genes include putative ATPases (for conversion of proton gradients into adenosine 
triphosphate [ATP] synthesis and for utilizing the energy of ATP), genes involved 
in transcription and translation, as well as RNA helicase and enolase, phosphor- 
ibosyl pyrophosphate synthase, and thioredoxin genes, which are involved in 
nucleotide biosynthesis and RNA degradation. Such genes, if they were present 
in the LUCA, indicate that the organism possessed means for maintaining its 
genetic information (at least in RNA form) and a translation system. Because the 
ATPases locate in the membranes and produce ATP (as energy compound) by 
utilizing proton gradients formed across the membranes, this indicates that LUCA 
had a cell membrane and produced and used energy in the form of ATP molecules. 

Another approach to model primitive life is to analyze what would be the 
minimal set of genes required by the simplest cells today. Several groups of 
bioinformatists have worked on such questions. Gill and coworkers have searched 
the genomes of the smallest existing cells (bacterial and archaeal species, which 
live as endoparasites inside their host cells) for the set of genes that seem 
mandatory for them all. The living environments of these species are chemically 
very rich, and the cells may obtain a large part of all their required biochemical 
precursors from their hosts. Therefore, they have lost the corresponding genes 
from their own genomes and have evolved, by reduction, towards ultimately small 
genomes. Comparison of the genomes of such species revealed that they have 206 
genes in common. All species have additional genes that allow them to survive in 
their specific environment (host), but these 206 genes seem to comprise the 
obligatory set of genetic information required in all these species. Thus, it can 
be reasoned that a comparable set of genes is essential for any cellular life, even 
when living in the most protected and nutrient-rich conditions. Thus, if the LUCA 
was a well-established cellular species, sustained in its own (probably chemically 
rich, easy, and protected) environment, it probably had to possess at least this 
number of gene different functions. 

As the early organisms evolved to more complex, the initial sequences were 
converted via mutation and recombination to code for new functions. The genomes 
grew larger by duplicating, recombining, and modifying what they already had: 
new genes were often produced from previously existing ones, by recombining and 
modifying functional protein domains (3-dimensional structures). Recent protein 
structure analysis by Doolittle and coworkers has identified a set of 49 protein- 
folding domains (or folding super-families) that are present in all analyzed ge- 
nomes of the three domains of life, suggesting that these protein-folding structures 
were already present in the LUCA. Again, these protein structures occur in the 
proteins related to translation and to metabolic and glycolytic enzymes. 

So far, it has been reasoned that LUCA was a fairly complex organism. But how 
did it diversify into the three domains of life that we know today? The three 
domains differ from each other in such ways that their direct descent from one 
another, in a fixed order, is difficult. Each pair of domains shares some features 
that are lacking from the third domain (Fig. 4.6), so it seems that none of them is 
directly derived from the others. 
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Because the deviation of the three domains from the LUCA is difficult to trace 
back, the question of the order of the establishment of the three domains remains 
open, i.e.: 

• whether the prokaryotes differentiated as two branches from 
the LUCA and then formed the eukaryotes later by mutual 
fusion; 

• whether the eukaryotes were derived directly from the LUCA 
and later gave rise to the prokaryotes (e.g., by plasmid escape 
and reduction processes); or 

• whether the three domains diverged separately from a mixed 
LUCA population. 

When this question has been addressed by phylogenetic studies, different results 
have been obtained from different genes. For instance, the classical phylogenetic 
tree based on 16S-rRNA sequences, first produced by Woese and coworkers in 
1990, shows the early deviation of the Bacteria and Archaea domains, with the 
thermophilic Bacteria and Archaea at the base of the different branches, and the 
later deviation of the Eukarya domain from the Archaea (Fig. 4.7A). However, some 
authors, e.g., Poole and Forterre, suggest that the phylogenetic analysis may not 
accurately resolve the most ancient sequences: after very long (or very fast) 
evolution, sequences may become so saturated with mutations that they appear 
as more conserved in the phylogenetic analysis. 

When different protein gene sequences are analyzed, diverse phylogenetic trees 
are produced for the different sequences. This may indicate that the domains have 
not evolved as separate lines but rather that the genes have been mixed by strong 
lateral gene transfer after the separation of the domains. 

It is now widely discussed (see reviews by Pennisi and Doolittle) that the 
intensive lateral gene transfer between species, and even between domains, may 
have mixed the initial lineages so effectively that it may be difficult to trace back any 
original sets of genes associated with the early phylogenetic lines. Such lateral gene 
transfer would have been possible because the newly separated lineages were still 
very simple, similar, flexible (nonspecific), and rudimentary in their functions. 
Therefore, they might utilize the same novel functions and structures, even if those 
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Fig. 4.6 Distribution of some key conserved 
features among the three domains of life: each 
of them is shared by two domains only. 
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Fig. 4.7 Phylogenetic lineage of the three domains of life 
determined by different genetic sequences. (A) 16S ribosomal 
RNA sequence (adapted from Woese et al. 1990); (B) several 
different sequences (adapted from Doolittle 1999). 

were transferred across the domain borders. The DNA exchange could have been 
mediated via cell fusions or via direct DNA uptake (gene transfer or cellular 
conjugation) - or via third parties, such as viruses or plasmids (gene transduction 
or transformation). 

Particularly in eukaryotes, the uptake of foreign (prokaryotic) DNA may happen 
via eating up (endocytosis) of foreign cells. This process is still a distinct function of 
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some eukaryotic cells. Mitochondria and chloroplasts are well-known examples, 
indicating that endocytosis of other species has occurred in the history of different 
eukaryotes. In these instances the engulfed prokaryotes were maintained intact in 
the cytoplasm and established as beneficial endosymbionts, or organelles, of the 
cells. Considering the strong lateral gene transfer, the tree of life at its earlier stages 
looks rather like a bush (Fig. 4.7B). 

4.3.3 

Hypothetical Structure of the LUCA Genome 

The dilemma of the differentiation of the three domains relates to the question of the 
type and structure of the LUCA genome. It is commonly thought that LUCA should 
have been similar to the simplest life forms existing today, the prokaryotes. Accord- 
ingly, it should have been driven by a small, circular DNA genome. However, Poole 
and Forterre and their coworkers argue that the circular, supercoiled prokaryotic 
genomes with a single origin of replication might represent a later adaptation to very 
fast and efficient replication strategies. The most primitive DNA genomes may have 
been linear, like the RNA genomes (see Section 4.4), which are thought to have 
preceded the DNA genomes. One argument supporting the idea that the eukaryote- 
like linear genome structure is the most original one is that specific catalytic RNAs - 
apparent relicts of the earlier RNA genomes - are still used to process different RNA 
products in the eukaryotes (Table 4.3), while many of them have been replaced by 
more efficient (and advanced) protein catalysts in the prokaryotes. Likewise, tRNA- 
like components are still utilized in the enzymes (telomerases) that maintain the 
termini (telomeres) of the linear eukaryote chromosomes, suggesting that these 
terminal structures are derived from the genomes of RNA-based life. 

The primitive RNA genomes may have influenced the ploidy level (the copy 
number) and the fragmentation (chromosome number) of the later-arriving DNA 
genomes. The early RNA genomes were very fragile and prone to degradation, and 
the inaccurate replication processes accumulated multiple mistakes in their se- 
quences. For these reasons, the genomic components did not grow very large. In 
order to accumulate more coding capacity, the genomes should have been com- 
posed of multiple short components. To avoid the loss of genetic information due 
to high mutation rates, the cells should have maintained more than one copy of 
each genomic component, and thus diploid (or maybe multiploid) rather than 
haploid (prokaryote-like) genomes should have been used (although one has to 
bear in mind that prokaryotes also normally maintain several copies of their 
genome in each cell). The earlier RNA-genome strategy may have been maintained 
after conversion to the DNA form, suggesting that the earliest cellular genomes 
should have been composed of multiple, short, linear components, each presented 
in more than a single copy. 

It is not clear whether the LUCA had evolved, as yet, to the DNA stage, or 
whether the transition from RNA to DNA genomes occurred separately in the three 
different lineages after their separation from the LUCA. Later conversion from 
RNA to DNA genomes may be supported by the fact that different types of DNA 
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polymerases are utilized by Bacteria and by Archaea and Eukarya. Also, if the RNA 
genomes were stabilized via methylation of the 2' hydroxyl groups of the ribose 
molecules, as suggested by Poole, it is conceivable that the RNA genomes might 
have developed to be fairly large, gaining significant coding capacity. Such RNA 
genomes may have been adequate to support self-sustained cellular life and to 
produce codes for the ribonucleotide reductases, thymidylate synthases, and re- 
verse transcription enzymes eventually needed to convert the ribonucleotides into 
deoxyribonucleotides and RNA sequences into DNA. Forterre suggests that those 
DNA-producing enzymes and, consequently, DNA genomes were invented several 
times to establish DNA-based viral genomes colonizing the RNA cells and that they 
were transferred from those to the RNA-based host cells, in three separate transfer 
events, to establish the three DNA-based domains of life. 

Woese has suggested that at the earliest stage of evolution, when the genomes 
were still very small and unstable, the fully functional genetic information could 
not exist in individual discrete organisms or genomes. He suggests that these early 
genomes instead formed a diverse community of organisms that dynamically 
interacted with each other, exchanging, testing, storing, and evolving alternative 
genomic sequences. Woese calls these early life forms "progenotes," which de- 
scribes the evolutionary stage preceding the fixed genomic life forms, or the 
"genotes." Again, it is not clear whether such progenotes would have had a DNA 
or an RNA genome; maybe they could have been characteristic both before and 
after the transition from RNA to DNA genomes. 

4.4 

"Life" in the RNA-Protein World: Issues and Possible Solutions 

LUCA appears to have been a fairly complex and well-established organism - but 
from where did this complexity arise? Information flow from DNA into mRNA and 
then into proteins (Fig. 4.5) demands multiple functions in between; therefore, it is 
commonly thought that the whole genetic machinery had to evolve from a simpler 
system. It is supposed that the genetic system preceding the DNA genomes were 
RNA genomes, which could have functioned as information storage media and as 
templates for translation. It is thought that the protein synthesis became estab- 
lished at the time of the RNA genomes and that the appearance of the protein 
catalysts then allowed the "invention" and establishment of the DNA genomes. 
Thus, present-day DNA-RNA-protein life would have been preceded by life 
composed of RNAs and their encoded protein products - or by RNA-protein 
(RNP) life. 

At the earliest stages, when the genetic code was translated into protein products, 
or the genetically encoded proteins were "invented," both the codes and their 
expression system were certainly very primitive. The codes had not yet evolved to 
code for specific functions, and also the translation system was very inaccurate. 
Maybe only a few of the currently known amino acids were used. The system was 
able to produce only a few short, nearly random polypeptides. The polypeptides had 
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not been adapted to specific functions, but maybe some of them could bind to RNA 
and function as scaffolding or structural proteins, similar to present-day chaper- 
ones. Such structural proteins may still have been quite useful in stabilizing the 
RNA genomes and in holding them in suitable three-dimensional structures to 
enhance their catalytic properties. Such structural proteins probably assisted in the 
most essential functions of the RNP world, i.e., in the replication of the RNAs. The 
high mutation rate produced more functional gene products, and in due course 
some proteins appeared that actually catalyzed the replication of RNA genomes. 

4.4.1 

Evolutionary Solutions 

The early enzymes were still very inefficient and prone to errors. Therefore, each 
time the genomes were replicated, considerable portions of the nucleotides were 
copied wrong and the genetic information was altered. If the sequences mutated 
too much, it was changed into a non-functional form, the gene was no longer 
maintained, and the information was totally lost. This critical level of accumulation 
of errors has been defined by Manfred Eigen as the "error threshold" and is now 
known as the "Eigen limit." The number of incorrectly copied nucleotides in- 
creased with the genome length; the longer the genomes, the easier they accumu- 
lated fatal levels of mistakes. Thus, only fairly short genomes (or genomic compo- 
nents) could be maintained by this very error-prone replication. 

Eigen has demonstrated how the evolution of small genomes (e.g., viral ge- 
nomes) functions in a cyclic fashion, where repeated improvements of different 
synergistic functions lead to very efficient improvement of fitness and adaptation 
to new conditions. As described by Poole, this cyclic adaptation and genome- 
building model seems applicable for the gradual improvement of the RNP organ- 
isms: the new sequence variants encoded for improved replicase proteins or new 
components for the translation machinery. These produced better replicase mol- 
ecules and thereby improved the accuracy of the replication. This again allowed the 
maintenance of longer genomes - and the increasing coding capacity allowed for 
the production of new components for the replication and translation machineries. 
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Fig. 4.8 Darwin-Eigen cycle demonstrating 
that Darwinian selection for improved repli- 
cation and translation allowed maintenance 
of larger genomes, and these again allowed 
for improved replication and gene expression. 
Thus, the increasing genome size, new gene 
functions, and improving replication and 
translation fidelity have mutually enhancing 
effects on the evolution of complexity (adapted 
from Poole et al. 1999). 
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Thus, Darwinian selection for more accurate replication and the corresponding 
increase of the genome size (determined by the Eigen limit) together enhanced the 
evolution towards more complex genomes (Fig. 4.8). 

4.4.2 

Solutions Found in the Viral World 

It is of interest that present-day single-stranded (ss) RNA viruses possess multiple 
features that seem similar to the properties of a hypothetical early RNP organisms. 
As in the RNP organisms, the viral genomes are composed of short linear RNAs 
that code only for a few necessary gene products. The total length of RNA virus 
genomes seems to be limited by both the fragility of the RNAs and the Eigen limit 
(the avoidance of accumulating too many errors by inaccurate replication); thus, at 
the present time the longest ss RNA virus genomes - those of the coronaviruses - 
contain about 30 000 nucleotides. The smallest viral genomes, - those of the 
leviviruses - are only about 3 500 nucleotides long and code only for three proteins, 
namely, the replicase protein, the coat protein, and a maturase protein to interact 
with the host. These seem to make the minimal protein set required for sustainable 
viral genomes. In many viruses the replicase proteins are divided in two separate 
components, the helicase and the replicase, apparently because those proteins need 
to be produced in very different amounts. 

The coat protein is required to enclose the RNA and to protect it from degrada- 
tion. All viruses encode one or more of other gene products to interact with their 
host cells - mainly in order to suppress the host defense functions - but it appears 
that in principle the replication and the protective functions are the most important 
requirements for viral survival. This may also indicate how important these 
proteins may have been to the early RNA replicators. 

Viruses maximize the use of their limited genomic sequences - they use them in 
the most efficient way. They contain a minimal amount of non-coding sequences, 
and they do not "invest" any coding capacity for producing regulatory proteins, 
which are so essential for cellular life. Many viruses regulate their essential 
functions - initiation of replication and translation - by short and simple sequen- 
ces at the termini of the RNA genomes and by interactions between RNA loops and 
sequences. With such RNA interactions, some viruses are capable of dedicating 
their genomic RNAs to function in either the replication or the translation mode, 
which avoids collision of the two opposite processes. 

Being parasites of the cellular world, RNA viruses make their living in a chemi- 
cally rich environment: the host cells provide all the building blocks of the macro- 
molecules (the nucleotides and the amino acids) and the translation machinery for 
use by the viruses. Likewise, the early RNP organisms had to live in a similar 
environment, because they had no means for synthesizing their own building 
blocks. Through their evolutionary history, the RNA viruses have become very 
efficient in their replication and in their adaptation to their own specific host 
organisms. Indeed, in spite of their ultimately minimal size, the RNA viruses are 
very successful. There are many more species of viruses than there are cellular 
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species, and each cellular species may be infected by several different viral species. 
It is possible that the (fully evolved) RNP-based life forms were efficient and 
successful replicators. Apparently they had to be quite advanced in order to 
produce adequately large genomic pools to give rise to DNA-based life and cellular 
organisms. Some of the early RNP-based replicators may have survived to form the 
base for the massive variation of present-day viruses. 

4.5 

"Life" Before the Appearance of the Progenote 

4.5.1 

The Breakthrough Organism and the RNA-Protein World 

The first protein-mediated functions initiated evolution towards more and more 
complex biochemistry. Therefore, the initiation of genetically encoded protein 
synthesis has been the key step in the development of any more-advanced life. 
This event has been considered so essential that Poole and coworkers have named 
the first creature that produced proteins the "breakthrough organism." But how 
could this hypothetical breakthrough organism break through - or, how might it 
have come into existence in the first place? 

Clearly, it had to evolve from simpler systems through a cascade of improving 
stages. It was required that it be able to synthesize mRNA-like translatable 
sequences and to run a primitive translation machinery consisting of ribosomes, 
tRNAs, and amino acids. Because protein synthesis did not exist prior to this time, 
the assembly or function of this primitive translation machinery could not have 
depended on any specific proteins. Thus, the early translation reactions had to be 
catalyzed by the existing RNAs alone. This is theoretically feasible because in all the 
present-day life forms, the formation of the peptide bonds between amino acids is 
specifically mediated by one RNA component of the ribosomes. Different natural 
or in vitro-selected RNA molecules may catalyze many other reactions (for the 
natural ribozymes, see Table 4.3). For instance, ribozymes have been found that 
can mediate the amino acylation of tRNAs. Thus, according to experimental data, it 
may be postulated that mere RNA components were able to mediate the earliest 
translation process. 

4.5.2 

Primitive Translation Machinery 

A logical requirement for the existence of RNA-based translation machinery is that 
this machinery itself was initially generated and maintained in a protein-independ- 
ent manner. Present-day ribosomes are massive complexes, containing either three 
(in prokaryotes) or four (in eukaryotes) RNAs that vary in size from 120 to 2 904 
nucleotides. The genes coding for these RNAs take, together with their intervening 
sequences, more than 7 500 nucleotides of genomic sequences. It is clear that the 
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earliest RNA components were not as long as they are today. As mentioned in 
Section 4.4.1, the error-prone replication systems produced only fairly short RNA 
strands that are estimated not to have exceeded a few hundred nucleotides in length. 
Thus, it is likely that the proto-ribosome had to be composed of short fragments of 
RNA that jointly formed one functional complex. This may still be evident in 
present-day ribosomes, because their interaction with tRNAs may be mimicked by 
a separate small RNA analogue of the ribosomal RNA sequence and because peptide 
bond formation is catalyzed by a specific adenine in the core of the ribosomal RNA. 
Thus, it seems likely that the present-day ribosomal RNAs (rRNAs) developed via a 
combination of previously existing, small functional subunits. 

4.5.3 

Origin of Ribosomes 

Even if the early ribosomes were formed of small separate RNAs, their mainte- 
nance required that they be reproduced fairly accurately. The mere existence of 
such a functional complex required that it had evolved gradually from some 
simpler structures - which again had been maintained and selected for their 

activated 




ribozyme-catalyzed decoding, 
cleavage and ligation functions 



Fig. 4.9 Model of the early function of the proto-translation 
machinery as RNA replication complex (from Poole et al. 1998, 
with permission from the publisher). 



110 I 4 From Molecular Evolution to Cellular Life 

preexisting function(s). The most important function at this stage would have been 
the maintenance of the existing sequences, namely, the replication of RNAs. Poole 
and coworkers have proposed that the original function of the proto-ribosomal 
complex was the replication of RNAs. According to their model, the early proto- 
ribosomes extended the complementary RNA strand on the RNA template by 
ligating nucleotide triplets (corresponding to present-day anticodon loops) brought 
into the reaction by tRNA molecules or their primitive precursors. This means that 
early replication was mediated by ligation rather than by polymerization. Incorpo- 
ration of nucleotide triplets rather than single nucleotides had the advantage of 
allowing higher affinity and longer-lasting annealing of the incoming nucleotides 
to the template. This allowed more time for the very slow RNA catalyst to perform 
the ligation (Fig. 4.9). 

According to this model, it is conceivable that amino acid acylation of the incom- 
ing tRNAs was a significant step in the early replication process. The covalent 
binding of the amino acids to the -CCA terminus of the tRNAs might have charged 
these molecules with energy, which might have been released by the detachment of 
the amino acid during the polymerization. This process might have been used to 
drive the polymerization. On the other hand, it is conceivable that the positively 
charged amino acids allowed the proper confirmation (tight folding) of the primitive 
(negatively charged) tRNAs and/or allowed their binding to the replicase complex. 
Release of the amino acids from the tRNAs might then have caused a conforma- 
tional change allowing for the release of the used tRNA from the complex. 

In any of these scenarios, the interaction between template RNA, ribosome, the 
"triplet-reading" anticodons of the tRNAs, and the amino acids would have already 
been established at the early RNA replication function, prior to the invention of 
protein synthesis. Peptide bond formation might have been initiated as a sponta- 
neous reaction between the amino acids brought to close proximity by the incom- 
ing tRNAs. However, later conversion of the whole replication machinery into a 
translation function is difficult to conceive - many things would be have been 
required to change. For example, the hypothetic cleavage and ligation of the 
nucleotide triplets from the tRNAs and into the growing chain of RNA needed 
to be stopped and replaced by peptide bond formation. However, it is conceivable 
that the introduction of protein synthesis made these changes possible, as it 
provided protein catalysts for replication and a strong selection for the use of 
ribosomes for translation. Both processes, translation and replication, had to be 
made to function on the same template in opposite directions. The function of the 
same template in both replication and translation seems not to be a major obstacle, 
as it occurs in all present-day viruses in a coordinated and regulated fashion. 

Another model for the early role of tRNAs proposed by Weiner and Maizels is the 
terminal taging of the replicating RNAs. These terminal tags would have func- 
tioned as the selective binding and initiation site of the replicase and thereby would 
have helped to replicate the genomic ends correctly. This hypothesis is supported 
by the fact that many present-day viruses have tRNA-like 3' termini and the 
telomerase enzyme that synthesizes the ends of the eukaryotic chromosomes 
functions on a tRNA-like template. 
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4.6 

The RNA World 

Logically, it is necessary to assume that prior to the invention of protein synthesis, 
all reactions required for maintenance of macromolecules - and for their evolution 
towards life - had to be mediated by molecules other than proteins. Present-day 
RNA chemistry has demonstrated that different RNA molecules (either natural 
ones or selected in vitro) may mediate several different catalytic activities, although 
the RNA catalysts typically function less efficiently than protein enzymes, i.e., at a 
much slower rate (Fig. 4.2). Such molecules are called RNA enzymes or ribozymes. 
Most of the naturally occurring ribozymes mediate cleavage and ligation reactions 
of their target RNAs (Table 4.3). The smallest ribozymes contain about 50 nucleo- 
tides and occur in the RNAs of viroids and viral satellite RNAs, while complex 
ribozymes capable of many different catalytic functions can be artificially produced 
by in vitro selection. 

It must be emphasized that the functionality of the RNA catalysts is based on the 
sequence information. The information does not code for any protein products, but 
it dictates the folding of the RNA into secondary structures that can recognize their 
substrates and cause the desired reactions. Figure 4.10 shows the three-dimen- 
sional folding structure, the so-called hammerhead structure, of the smallest 
natural ribozymes, which are composed of about 50 nucleotides. 

Figure 4.11 gives an example of the evolution of an RNA polymerase ribozyme, 
as mediated by in vitro selection steps. The class I ligase ribozyme catalyzes the 
joining of the 3' end of an RNA strand to the 5' end of the ribozyme (Fig. 4.11 a); 
the class II ligase ribozyme catalyzes the addition of three nucleotide 5' triphos- 
phates (NTPs) to the 3' end of the primer, directed by an internal template 




Fig. 4.10 Three-dimensional folding structure 
(so-called hammerhead structure) of the small- 
est natural ribozymes. These self-cleaving and 
-ligating structures occur in several viroid and 
viral satellite RNAs and are composed of about 
50 nucleotides. 
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Fig. 4.11 Evolution of an RNA polymerase 
ribozyme mediated by in vitro selection steps, 
(a) The class I ligase ribozyme catalyzes the 
joining of the 3' end of an RNA strand (open 
line) to the 5' end of the ribozyme; (b) the 
class II ligase catalyzes the addition of three 




nucleotide 5'-triphosphates (NTPs) to the 
3' end of the primer, directed by an internal 
template; (c) the class l-derived polymerase 
catalyzes the addition of up to 14 NTPs on an 
external RNA template (from Joyce 2002, with 
permission from the publisher). 



(Fig. 4.11 b); finally, the class I-derived polymerase catalyzes the addition of up to 
14 NTPs on an external RNA template (Fig. 4.11 c). 

The hypothetic stage of early evolution, when all biochemistry was mediated by 
different RNA catalysts, is called the RNA world. Invention of genetically encoded 
proteins brought out the new, protein-based biochemistry that soon replaced RNA- 
mediated catalysis. A curious example of this transition to protein-mediated 
functions is that still today some proteins functioning in the regulation of trans- 
lation - namely, some translation elongation factors - are folded into a secondary 
structure similar to that of the tRNAs. Apparently, after the RNA genomes 
accumulated adequate coding capacity, the protein enzymes were able to convert 
the RNA genomes to DNA form. Being much more stable than the RNAs, these 
could evolve into much larger sizes and superior coding capacity. 

With these immense improvements in biochemical functions, the original RNA- 
mediated biochemistry might have disappeared without leaving a trace. However, 
this did not happen, as we do still have some clear molecular relicts, or molecular 
fossils, that apparently have been conserved from the RNA era into present-day life. 
The most convincing molecular fossil from the RNA world is that the primary 
genetic code is still translatable only from RNA sequence (DNA exists only as an 
information storage system, comparable to a hard disk, containing all the data but 
no running program for translating this information). Further, the translation 
reaction, or the formation of the peptide bond, is still mediated by one RNA 
component of the ribosomes, and the tRNAs still bring the amino acids into the 
translation reaction. Several other small functional RNAs exist in present-day cells 
(Table 4.3) and also may be functional relicts from the early RNA era. 

As mentioned in Section 4.3, some of these RNA catalysts - particularly those 
that function in the maturation of different RNAs, especially small nuclear RNAs 
and nucleolar RNAs - as well as RNA-containing telomerase enzymes still occur in 
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the eukaryotic organisms (Table 4.3). This suggests that those (slow) RNA-medi- 
ated functions have been maintained in eukaryotes from the times of RNA-based 
life. In prokaryotes, many RNA-processing functions have been replaced by pro- 
tein-catalyzed functions, apparently due to their adaptation to faster replication and 
to more efficient RNA processing, particularly in hot environments. For these 
reasons it might be thought that the eukaryotic genome type - although expanded 
to huge sizes and complex gene sets over time - would be of a more ancient type 
than the small and sophisticated prokaryote genomes. 

4.6.1 

Origin of the RNA World 

4.6.1 .1 Prebiotic Assembly of Polymers 

In order to get the functional RNA world started, preexistence of RNA polymers 
was required. These RNA polymers supposedly appeared by spontaneous assembly 
or polymerization of nucleotide monomers. They had to accumulate to significant 
amounts, and be of considerable length and variation, to ensure that this random 
collection contained some (or even one) that had the potential of copying itself and, 
later, of copying even other RNAs. 

The prebiotic, i.e., spontaneous, polymerization of RNA nucleotides is difficult to 
explain with known RNA chemistry, because nucleotide polymerization requires 
energy and does not happen easily (see Chapter 3). It has been intensively studied - 
e.g., in the laboratory of James Ferris - and in these optimized conditions, 
polymers of about 40-50 nucleotides were produced. Such polymerization results 
have been obtained by allowing activated nucleotides to react in aqueous solution 
in the presence of clay minerals, which significantly enhanced the polymerization. 
The enhancement by clays is caused, assumedly, by their fine-layered structure, 
composed of mineral grains with di- and trivalent positive charges. Those cationic 
surfaces bind and immobilize the negatively charged nucleotides, placing them in 
suitable positions to promote their reactions with each other. Further on, binding 
to the clay surfaces significantly stabilizes the ready-made RNA polymers, which 
otherwise would be very easily degraded by hydrolysis. 

The group of Deamer reports that another environment that promotes RNA 
polymerization, although to a lesser extent than clays, is the eutectic (very cold) ice 
solutions; an icy environment is also known to promote the ribozyme-catalyzed 
ligation of RNAs. The liquid water phase remaining in between ice crystals 
concentrates the precursors effectively, and the low temperatures help to slow 
down the reacting components to allow the formation of the phosphodiester bonds 
between nucleotides. 

For building the nucleotide polymers, the nucleotides need to be linked to each 
other via phosphodiester bond between the 3' and 5' carbons of the adjacent sugars 
(Fig. 4.3). For this, the nucleosides first have to be phosphorylated at their 
5' carbon. In the early world this was problematic because soluble phosphates 
were not readily available. It is possible that the inorganic phosphate dissolved in 
low amounts from calcium phosphate (hydroxyapatite) mineral or from volcani- 
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cally produced linear polyphosphates, or from their breakdown products, and 
phosphorylated nucleosides to nucleotides. But this reaction is difficult and might 
occur only in the presence of urea, ammonium chloride, and heat. 

Polymerization of the nucleotides requires that they be activated by some high- 
energy bond at the 5' position to provide energy for the uphill reaction. In present- 
day life, this binding energy is obtained from the hydrolysis of the triphosphate 
moiety, but this was not adequate in the prebiotic world because triphosphates 
alone do not promote (non-enzymatic or non-catalyzed) polymerization. Therefore, 
it seems that the nucleotides had to be charged with other available molecules, such 
as amino acids, bound with high-energy bonds at the 5' position of the phosphory- 
lated nucleotides. The most effective activating groups, now commonly used for 
the polymerization experiments in laboratories, are the different phosphorami- 
dates, such as phophoramidazoles. These compounds are formed from nucleoside 
5' polyphosphates and amines or imidazoles; but such complex activating groups 
might not have been available in the prebiotic environment. 

A further complication in the polymerization of ribonucleotides is that in a 
mixture of monomers, several different reactions take place. To make a functional 
polymer, the monomers must form the mono-phosphodiester linkage exactly 
between the 3' and 5' carbons of the adjacent nucleotides. However, the ribose 
ring has reactive groups in carbons at positions 5', 3', and 2' (Fig. 4.3). In prebiotic 
conditions all these groups could react with each other, and cyclic compounds 
could be formed between the 2' and 3' OH groups. Furthermore, the phosphate 
molecules might have formed different polyphosphate linkages between different 
carbons. All these varying bonds would have produced dead-end products for 
further polymerization. It is still unclear what kind of conditions promoted the 
nucleotides to react in an orderly fashion to produce only the correct, 3'-to-5'-linked 
RNA polymers (Fig. 4.4). 

4.6.1 .2 The Building Blocks of the RNA World 

For synthesis of nucleosides, the purine bases adenine and guanine (A and G), the 
pyrimidine bases cytosine and uracil (C and U), and the D-isoform of cyclic ribose 
sugar are needed. Prebiotic synthesis and assembly of these nucleoside building 
blocks have been intensively studied by groups of chemists led by Gerald Joyce, 
Stanley Miller, Leslie Orgel, and Alan Schwartz. The prebiotic synthesis of these 
components, as well as the prebiotic synthesis of their small organic precursors 
such as CH 4i NH 3 , CH 2 0, CNH, CN 2 H 4 , C 3 NH, CH 2 0, CN 2 H 4 0, and SH 2 , is 
covered in Chapter 3. 

Provided that ribose sugar and the nucleobases were available, further on the 
bases had to be covalently linked in |3-orientation with the V carbon of ribose to 
form nucleosides. This reaction may be activated by heating and it produces purine 
nucleosides, although with very low yield. Routes for prebiotic synthesis of pyr- 
imidine nucleosides are not well known, but they may be feasible via multiple 
sugar phosphate intermediates. Recently, a completely different route has been 
found, where a-D-cytosine was produced directly from ribose sugar and hydrogen 
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cyanide. This efficient reaction thus produced cytosine, even if of the wrong 
isoform, and it also converted the existing (unstable) ribose into a stable form. 

Prebiotic synthesis of nucleotides would have yielded a racemic mixture of a 
variety of different nucleotide analogues, both in a and p and in L- and D-isoforms. 
A spontaneous polymerization reaction of such (randomly) phosphorylated nu- 
cleotides would have been very slow and would have led to a wide variety of 
different linkages, formed between the whole variety of different nucleotide ana- 
logues and isoforms. Such randomly linked oligomers or polymers would not have 
been extendable or functional as templates for replication. 

Altogether, prebiotic formation of RNA nucleotides and their polymers, starting 
from small molecular precursors such as HCN, NH 3 , CH 2 0, CH 4 , P0 4 3 ~, or H 2 0, 
involves so many unlikely or adverse chemical steps that many chemists have 
speculated that RNA synthesis had to be preceded by simpler chemical polymers - 
or by nucleic acid analogues whose backbone is composed of non-chiral structures. 
Polymers proposed as hypothetical predecessors of the RNA world include peptide 
nucleic acids (PNAs) with a peptide as backbone, threose nucleic acids (TNAs), and 
pyranosyl-derived nucleic acids (p-RNAs) (see Chapter 1). If any of these polymers 
was a direct precursor of present genetic material, then it must have been possible 
to transfer the information by copying or transcription from this molecule into 
RNA or DNA sequence, which indeed has been experimentally demonstrated for 
PNAs. However, the role of other polymers in the early steps of molecular 
evolution does not seem very plausible, because the central molecules of early 
life (the ribosomes and tRNAs) are based solely on RNA molecules. 

To find possible solutions for the appearance of the nucleotide-based (very 
complex) genetic information, Cairn-Smith (1982) has postulated that instead of 
organic polymers, entirely different molecules, such as minerals, may have con- 
tained the earliest pre-genetic (replicating) information. Still, it is not clear how any 
specific information would have been coded in the crystal structure of mineral 
surfaces, or how these would have been converted to be biologically significant. 
Little is known, as yet, of what the available starting materials were, what the 
conditions were where the prebiotic chemistry took place, and what chemical and 
physical reactions and selection processes were driving the increasing complexity 
of the early polymers (see also Chapter 1). 

4.6.1 .3 Where Could the RNA World Exist and Function? 

The question of the possible location and conditions of the proposed RNA world is 
very difficult. It is assumed that the initial RNA polymers were formed by random 
polymerization of nucleotides, but this scenario requires that the nucleotides had 
to be initially available in the environment. Further on, for the synthesis of 
nucleotides, their precursors - ribose sugar, purines and pyrimidines, and phos- 
phate molecules - had to be available. For the prebiotic synthesis of those com- 
pounds, their precursors or the small organic molecules such as CH 2 0, CNH, 
CN 2 H 4 , and HNCO had to be available in adequate amounts. To drive repeated 
polymerization reactions, leading to significant accumulation of the products 
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(adequate for starting a whole new polymerization and replication network), a long- 
term, high-level supply of nucleotides would be required. 

The prebiotic synthesis or at least the accumulation of nucleotides would need to 
happen in conditions where, further on, the nucleotides could spontaneously 
polymerize. The conditions also should have been adequately gentle to maintain 
the polymers intact. The prebiotic synthesis of some of the precursors happens 
preferably in cold or mildly warm conditions (synthesis of nucleic acid bases), 
while other steps require heat (nucleoside formation and phosphorylation). So it is 
conceivable that the locations for the different steps may have been temporally or 
locally separate. 

The polymerization of nucleotides needs to take place in an aqueous environ- 
ment because the nucleotides are water-soluble and liquid water is needed to carry 
them into the reaction site. However, water efficiently reacts with the RNA 
polymers to hydrolyze the phosphodiester bonds, which breaks up the polymers. 
The hydrolysis reactions occur faster at higher temperatures; therefore, cool, close 
to freezing temperatures would be more suitable for preserving RNA polymers. 

A further complication arises with the templated polymerization - meaning the 
copying or replication of existing RNA strands. Because the phosphate groups 
forming the phosphodiester bonds carry a negative charge of -1, the total charge 
of the polymer is highly negative. In the templated replication, the complementary 
strand is assembled on the existing template by hydrogen bonding between the 
complementary nucleotides (A to U and G to C) (Fig. 4.4). For stable assembly of the 
complementary strand, the negative charges of the phosphates need to be neutral- 
ized by an adequate level of soluble cations (positive ions). This neutralization 
together with the hydrogen bonding of the bases leads to a stable assembly, and 
the double-stranded product is closed for any further assembly of new strands on the 
same templates. Thus, the double-stranded structure could be a dead-end product. 

To avoid this, some energy input or radical change of environment - e.g., by 
dilution out of the cationic ions or warming up of the solution - would be needed to 
open up the double helix. Lathe (2005) has proposed that alternating conditions of 
low and high salt concentrations (as in tidal pools) would be needed to drive the 
assembly and separate the daughter strands. Brown and coworkers have experi- 
mentally shown that efficient melting (i.e., separation) of double-stranded nucleic 
acid strands can be obtained by convection-driven cycling of molecules in micro- 
compartments located in steep temperature gradients, such as the tiny compart- 
ments in the FeS precipitate mounts of hydrothermal vents. 

Still another putative environment that might have driven prebiotic chemistry 
and the assembly of macromolecules, possibly including polymers, is the sandy or 
silty beaches washed by the ocean tides. Bywater and Conde-Frieboes (2005) have 
proposed that in these locations the ocean water would have brought in the 
precursors for the reactions, and these might have been bound, by hydrogen 
bonding or ionic forces, to the cationic minerals in the clay and sand. Small drying 
ponds might have provided the concentration mechanism for the compounds, and 
the subsurface layers of sand might have provided protection against UV radiation, 
as well as size-based fractionation and concentration by chromatographic filtration. 
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The clay-like minerals would have been suitable catalytic surfaces for the assembly 
of nucleotide polymers. The repeated washes by new waves or tides might have 
provided the cyclic dilution effects needed for the separation of the replicating 
nucleotide strands, as proposed by Lathe. 

4.7 

Beginning of Life 

The above discussion should indicate that the origin of life was by no means 
simple. Rather, it should have been a procession through multiple stages of 
spontaneous - but most often uphill - reactions of molecular chemistry and 
evolution towards cellular life. Within this procession it is difficult to determine 
when life actually started. It seems that there was a stage where the developing 
system was not yet clearly alive, and also no longer clearly lifeless, but swaying in 
between different directions of development in a type of bifurcating stage. Such a 
threshold level could have been achieved when the first sequences could replicate 
themselves but when there were no biosynthesis pathways, as yet, for any of the 
precursors or building blocks for making more of the same molecules. The system 
was modified and adapted by a selective evolution, but it was still wholly dependent 
on the supply of complex materials from its environment. It is conceivable that 
such a threshold stage could have developed in several directions: one, for instance, 
to produce the semi-living (replicating but not autonomous) viral world and 
another to produce autonomous cellular life. Parasitic and synergistic interactions 
also evolved - the viruses ending up as parasites of cellular life - but the early 
molecular interactions may have been more varied. 

The question of the beginning of life is related to how we define life. Life, as we 
now know it, is very complex and versatile, but the definition should include just 
the very minimal and first features that were required of a system to become alive. 
Andre Brack has defined primitive life as an aqueous chemical system able to 
transfer its molecular information and to evolve (see Chapter 1). Eigen has 
described life as phenomena in the multidimensional information space, where 
the species - or quasi-species - form as their genomic sequences accumulate in the 
proximity of the optimal or best-adapted sequence, at so-called "fitness peaks." 
Both these descriptions emphasize the information-driven nature of life, the 
maintenance of information via replication, and accumulation of new information 
via natural selection and evolution. 

In a reductionist way, it might be claimed that genomic information is the 
essential part of life and that the cellular structure serves only as a vehicle to 
maintain and renew the information. But the cellular structure has played a central 
role in the formation of information: the accumulated information just reflects the 
needs of the cells, and the optimized information is determined by the adaptation 
of the cell to its environment. 

The very initial functional information appeared by accident, as a random 
sequence was able to replicate itself. The further accumulation of information 
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took place via improvement of that very function. When the system grew and 
evolved, new functions were "invented" that allowed the system to survive better in 
its environment. The selection, or genetic adaptation, was mediated via different 
interactions. Intracellular molecular interactions were, and still are, of essential 
importance, as were the interactions of the cell with its surroundings, with the 
members of its own species, and with the whole surrounding ecosystem. These 
interactions are the driving force for the accumulation of genetic information. 

Even the simplest cellular life is mediated via multiple biochemical reactions 
driven by energy conversion reactions and, ultimately, by energy drawn from a 
suitable energy source. With these, life achieves a remarkable organization of 
matter and energy. The cellular structure is essential for the containment of all 
these reactions and for the assembly of the organized structures. 

Thus, life is indeed based on genetic information and on evolution, but the third 
essential parry in the assembly of life is its cellular form. The cell and its inter- 
actions with the environment - and, on the other hand, its separation from the 
environment -build the entity that has allowed the accumulation of information 
and that has facilitated evolution, and the self-sustained existence of the organism. 
Its existence still depends on suitable energy sources and availability of nutrients, 
i.e., on the life-supporting environment. A cell, adapting in its life-supporting 
environment, was the last defining requirement for the establishment of life as 
we know it on Earth. 
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4.9 

Questions for Students 

Question 4.1 

What are the difficulties in understanding of the origin of life? 
Question 4.2 

What are the building blocks of life and how do they assemble to make functional 
cells? 
Question 4.3 

What are the putative steps required for the establishment of self-sustainable life? 
Question 4.4 
Explain the RNA world. 
Question 4.5 

What kind of conditions might have driven the prebiotic molecular evolution 
towards life? 
Question 4.6 

What can we say of the LUCA and of the differentiation of the three domains of 
life from LUCA? 
Question 4.7 

How do you define the beginning of life? 



Habitability 

Charles S. Cockell 



The term "habitability" means many different things depending on 
the organisms that are considered, as it defines the chemical and 
physical envelope for a given organism. Because there is currently 
no direct evidence for life on another planet, habitability is neces- 
sarily constrained by our knowledge of life on Earth. We use our 
knowledge of the extremes of life on Earth to assess extraterrestrial 
environments and the plausibility that they can support life. In this 
chapter the use and limitations of the concept of habitability are 
discussed and examples are provided of how the habitability of 
other worlds is assessed using extreme environments on Earth. 
The chapter starts with a brief discussion of the history of habit- 
ability, including some historical watersheds in this concept. Then, 
some of the factors and mechanisms that determine the habit- 
ability of other planets are discussed. Finally, a postulate for hab- 
itability is given, which can be used to guide the way we think about 
the characteristics of other environments that we wish to assess as 
habitable or uninhabitable. 



6.1 

A Brief History of the Assessment of Habitability 

The assessment of the "habitability" of other planetary bodies has been a pervasive 
intellectual problem throughout the history of planetary sciences and biology. 
Indeed, erroneous assertions of habitability, borne of optimism about the prospects 
for life, have clouded attempts to make astrobiology a serious field of scientific 
endeavor. In any field of science where technical or logistical constraints limit the 
amount of data that can be acquired, it is necessary to proceed with caution. 
Ultimately, the way in which we define habitability, the factors that determine it, 
and the way we use instrumentation to assess the habitability of other planets 
underpin the entire astrobiological enterprise. As efforts are developed to search 
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for "Earthlike" planets around distant stars (extrasolar planets), understanding 
what constitutes habitability has become an area of great relevance. 

Prior to the invention of the telescope, the only planetary body that provided any 
detailed information on its surface characteristics was the Moon. Mars was a red 
anomaly in the night sky, but this color, spread across a tiny disk, did not reveal 
details. The pre-telescope era and the view of habitability it engendered was an era 
that I call the Birth of Optimism. This period of optimism was one dominated by 
theoretical discussions on the plurality of worlds. The debate was infused by 
religious considerations (i.e., that humans were special and unique) and contrast- 
ing considerations more at home in natural sciences (i.e., the notion of "plen- 
itude") that nature makes use of all possibilities and, therefore, other worlds would 
be inhabited like ours. 

The Birth of Optimism is marked by some remarkable comments and assertions 
that would not be considered out of place in today's debates on habitability. Among 
the most notable is the comment by the Greek philosopher Metrodorus of Chios, a 
student of Epicurus, who in the fourth century B. C. stated: "It would be strange if a 
single ear of corn grew in a large plain, or there were only one world in the infinite" 
(citation in Cornford 1934). The Roman poet Lucretius similarly stated: "It is in the 
highest degree unlikely that this Earth and sky is the only one to have been 
created." 

These general, but important, thoughts were also surrounded by an entourage of 
more-specific claims and beliefs concerning the inhabitants of the Moon. Many 
Greeks and Romans believed that the Moon was inhabited by intelligent beings. 

One would have thought that the invention of the telescope in the 17 th century 
would have provided a means to assess the habitability of other planets more 
accurately, thus leading to a reduction in speculation as worlds yielded their secrets 
to empirical observation. However, the opposite occurred. Early telescopes allowed 
the discs of new worlds to be resolved, but their power was not sufficient to be able 
to tell anything about their surfaces or their environmental conditions. The 17 th 
and 18 th centuries were thus a time when optimism ran riot. This was a period 
when we knew of the existence of countless worlds, from Mars to the Jovian and 
Saturnian moons, but we knew little about the physical conditions in the Solar 
System. I call this period, which runs right up to the 1960 s, the Age of Optimism. 

It is misleading to summarize such a long period of history with just a few 
quotes, but to give some flavor of the time and the way in which the telescope made 
possible observations of other planetary bodies without an ability to assess their 
habitability, a few quotes are worthwhile, which are taken from an extensive review 
by Crowe (1999). French author Bernard le Bovier de Fontenelle (1657-1757) stated 
of the Venusians that they were "little black people, scorched with the Sun, witty, 
full of fire." British astronomer William Herschel (1738-1822), whose observatio- 
nal astronomy was par excellence, informs us: "By reflecting a little on this subject 
I am almost convinced that those numberless small Circuses we see on the moon 
are the works of the Lunarians and may be called their Towns." And as recently as 
1909, in his book Mars as the Abode of Life, Percival Lowell asserted: "Every 
opposition has added to the assurance that the canals are artificial; both by 
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disclosing their peculiarities better and better and by removing generic doubts as to 
the planet's habitability." 

The Age of Optimism is a fascinating age for the discussion of the habitability of 
other worlds, but it is also a warning from the past. Enveloped in an era where 
many scientists had optimism about the habitability of other planets, none of the 
comments listed above seemed absurd to their authors, despite their lack of 
empirical data to support their claims. To them it was just obvious that other 
planets were inhabited. It was a case of culture driving science. Today, we are 
similarly living through a period of optimism that, although more constrained by 
empirical observations from spacecraft and telescopes, is nevertheless strongly 
driven by an undercurrent of new-found optimism in the likelihood of life else- 
where. 

The 1960 s witnessed the beginning of the space age and, with it, the possibility 
of visiting other planets with spacecraft. I call this age of the discussion of 
habitability, which runs until the early 1990 s, the Age of Retreat. The failure to 
find canals on Mars, culturally sophisticated Venusians, or fortresses on the Moon, 
irrefutably supported by landers and orbiters, forced a retreat in our view of 
habitability. We realized that many of these worlds we had viewed through rose- 
tinted biological spectacles were in fact cold or hot, barren wastelands with little or 
no prospects for any life at all. The Viking landers did nothing to dispel the vision of 
Mars as a barren, dead planet (see Chapter 5). Despite the somewhat negative view 
of habitability, this period of space exploration was nevertheless remarkable, 
leading to new and astonishingly detailed insights into the conditions on other 
planetary surfaces. Images sent back from the far reaches of the Solar System by 
the Voyager robots, for instance, truly ushered in an extraordinary period of 
exploration. Of course, habitability, at least in the case of the moon, was also 
directly assessed by human explorers during this period. 

Despite the biologically disappointing data sent back from other planets, there 
was still room for maneuvering. The period from the 1990 s onwards I refer to as 
the Rebirth of Optimism. Two developments came together to generate renewed 
optimism in the possibility of life in our Solar System. Firstly, spacecraft instru- 
ments became of better quality and had higher resolution. Where previously we 
saw barren Martian deserts with some evidence of past liquid water, we now saw 
extant ice sheets and even putative gullies formed by liquid water (see Chapter 8). 
Rocky moons around Jupiter yielded images of ice sheets, and studies of the 
magnetic fields around them suggested liquid water oceans that are conducive to 
life (see Chapter 10). The array and sophistication of instruments on spacecraft 
have provided many different imaging methods, which together have provided 
insights into environments on other planets that may be conducive to life. 

Secondly, studies of microorganisms on Earth expanded the envelope of life to 
such an extent that many environments on Earth, previously thought to be unin- 
habitable, were found to harbor life (see Chapter 5). Some of these environments 
overlap with extraterrestrial planetary environments in some physical and chem- 
ical conditions. Because they contain life on Earth, renewed optimism about their 
capacity to sustain life elsewhere has been encouraged. Such environments include 
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permafrost in Earth's polar regions, which may be analogous to permafrost regions 
on Mars, and hydrothermal vents on the ocean floors and ocean-spreading axes, 
which have been suggested to provide insights into the biological potential of the 
bottom of Europa's oceans (see Chapter 10). 

In Fig. 6.1 I have drawn a graph showing, qualitatively, the change in optimism 
about habitability over time. The current challenge in astrobiology is, of course, to 
determine the direction in which we should extrapolate this graph and whether we 
can transgress from "optimism" to the positive identification of life on particular 
planetary bodies. 

This brief review of the history of habitability is lacking in many details, as there 
is insufficient space to review adequately the many diverse discussions since the 
time of the ancient Greeks. However, it should provide some understanding of the 
major periods of history in the assessment of habitability, from which more 
detailed research can be undertaken. It should also place in context where the 
student of astrobiology stands today in this long history, and how we have arrived at 
where we are. 



6.2 

What Determines Habitability? 

The habitability of an environment is firstly, and quite obviously, constrained by 
the organisms we wish to contemplate in the environment under consideration. 
The two end members of habitability considerations are extremophilic micro- 
organisms, which define the outer boundaries of life, and humans and other 
complex multicellular organisms, which require much more narrow ranges of 
environmental conditions. In between them is a diversity of prokaryotes and 
multicellular organisms that may be adapted to specific extreme environments 
and have different environmental tolerances. Table 6.1 shows some environmental 
tolerances of humans and microbes to illustrate this difference in ranges (see also 
Chapter 5). 
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Table 6.1 Some physical and 


chemical factors important for 




defining whether an environn 


lent is habitable and the ranges 




tolerated by microorganisms 


and humans. 




Parameter 


Microorganisms 


Humans'" 1 


Temperature 


< 0-121 °C 


0-30 °C 


Pressure 


<50hPa->10 000 hPa^ 


700 hPa-5 000 hPa 


Radiation 


4 000 Gy [cl 


1-3 Gy [c] 


pH 


0-13 


Near neutral 


Oxygen 


0 — 100% 


15-25% 


Carbon dioxide 


0-100% 


<1% 



Source: Some of these values are taken from McKay et al. 1991. 

a Some of these values are approximations. For example, humans can tolerate a far wider 
temperature range than shown here by using technology, and a wide range of pHs can be 
tolerated by humans over short time periods. 

b 1 hPa = 1 mbar 

c Sublethal dose; 1 Gy (Gray) = 100 rad 

Given the obvious need to define the types of organisms we are considering, what 
are the fundamental requirements for any life forms based on what we know about 
life on Earth? All life must have a solvent to carry out chemical reactions (and to act 
as a reactant itself). At least based on life on Earth, this solvent is water, and thus 
any planetary environment we postulate to be habitable must have liquid water (see 
Chapter 1). The presence of liquid water on a planetary surface has often been 
taken, alone, to be the definition of "habitable." The "habitable zone" around a star 
is defined as the region around a star where liquid water is stable on a planetary 
surface (see Section 6.4.1). It should be noted that this classic definition of a 
habitable zone is based on liquid water made possible as a result of direct solar 
heating from the parent star. In comparison, the Jovian moon Europa lies far 
outside the classic habitable zone but has a liquid water ocean on account of the 
tidal heating of the moon. 

There must be an energy supply to drive the reactions that life requires to grow, 
reproduce, and repair itself. Energy supplies can range from chemolithotrophic 
metabolism (using inorganic redox couples such as reduced iron and nitrate to 
drive energy acquisition) to heterotrophic modes of metabolism (using organic 
molecules to provide energy) to photosynthesis (using photons from the parent star 
to drive energy acquisition) (see Chapter 5). 

There must be a source of nutrients in an accessible form, with which life can 
construct itself. On Earth, we know these to be carbon, hydrogen, oxygen, nitrogen, 
sulfur, and phosphorus (C, H, O, N, S, P). Many organisms use more than this 
complement of elements. Elements as diverse as iron, zinc, and molybdenum can 
be required, and many anaerobic microorganisms on Earth are known to require 
tungsten and selenium in their culture medium. However, whether many of these 
are absolutely required for life (as opposed to being an evolutionary quirk of 
enzymes and other biochemical systems on Earth) is not understood. At least as 
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a minimum we suppose that life requires those six elements as summarized in 
CHONSP. 

A planetary environment that possesses all three of these requirements, i.e., 
water, energy, and basic nutrients, can be presumed to be a place that is potentially 
habitable. Although one can postulate entirely novel biochemistries that might use 
completely different elements and solvents (such as silicon-based life or life using 
ammonia as a solvent), because no such life has yet been found, it does not fit 
within the boundaries of science. It goes without saying that the discovery of a 
novel biochemistry using other types of elements and solvents on another planet 
could simply be used to expand the definition of habitability. At the present time 
we use life on Earth to define its boundaries. In Section 6.4 two of these factors that 
determine the boundaries, i.e., temperature and energy, are considered. 

6.3 

Uninhabited Habitable Worlds 

It is important to understand that the presence of habitable conditions does not 
imply that an environment is inhabited. On Earth, where the conditions described 
above are met, microorganisms are invariably found, because there is a plenitude 
of microorganisms inhabiting many diverse environments. For example, 
4—6 x 10 30 microorganisms are estimated to exist on Earth. The appearance of a 
habitable environment offering conditions for life usually leads to its rapid colo- 
nization. However, on young planets or planets where, for whatever reasons, life 
has not originated, one could imagine habitable environments where life would not 
be around to take advantage of the conditions, particularly if these environments 
were transient, such as a warm hydrothermal system in an impact crater on an 
otherwise frozen, dead world. Such environments are "uninhabited habitable 
habitats," and determining their distribution throughout the Universe is a chal- 
lenge of astrobiology. 

6.4 

Factors Determining Habitability 

6.4.1 

Habitability and Temperature 

The temperature of the surface of a planetary body is, in principle, simply deter- 
mined by the heat it receives from its star in the form of visible and near-infrared 
(IR) light and the energy it releases in the form of thermal IR radiation. The 
solution of these simple inputs and outputs yields a "black body" temperature for a 
planetary surface. Although this simple formulation works quite well for a plan- 
etary body without an atmosphere, an atmosphere can cause a warming effect by 
trapping IR radiation, the so-called greenhouse effect. In the case of the Earth, 
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water and carbon dioxide provide the greatest contribution to warming. More 
recently, anthropogenic greenhouse gases, such as chlorofluorohydrocarbons 
(CFCs), have contributed to the global warming. The greenhouse effect is itself 
greatly complicated by the quantity of dust in an atmosphere, the cloudiness, and 
the possible presence of chemical smog, all of which will influence the magnitude 
of the effect. In the case of the Earth, the greenhouse effect is sufficiently large to 
bring our planetary surface temperature to above freezing (about 15 °C average), 
whereas otherwise it would be below freezing, demonstrating quite effectively the 
role of greenhouse gases in influencing surface habitability. 

The temperature of a planetary surface will be influenced by many feedback 
processes, both positive and negative. Snow cover, for instance, will increase the 
albedo (reflectivity) of a planetary surface, thus causing greater emissions of IR 
radiation back into space, cooling the planet further. 

This positive feedback is suggested to be responsible for the onset of "snowball 
Earth" conditions, whereby runaway growth of ice sheets, which increase the 
albedo and drive further cooling, ultimately cause a freeze-over of all, or most, of 
the planetary surface. These snowball Earth episodes are postulated to have 
occurred during the Proterozoic (2.5-0.54 billion years ago). One of these events, 
which occurred in the period between 2.45 and 2.2 billion years ago, is thought to 
be linked to the rise in atmospheric oxygen at that time; the oxygen may have 
reacted with methane (another greenhouse gas) in the atmosphere, reducing the 
greenhouse effect and leading to glaciations. There is evidence for snowball 
glaciations in the late Proterozoic as well. The existence of widespread evidence 
for glaciers during these periods is also supported by modeling studies. These 
glaciations provide dramatic empirical evidence for the importance of the ice and 
snow albedo feedback. 

Another feedback effect is controlled by water vapor. Because water vapor 
contributes to greenhouse warming, it too can cause positive feedback. As the 
planet warms, more water evaporates from the oceans into the atmosphere and 
causes yet more warming. Conversely, cooling of the surface reduces evaporation 
and reduces the greenhouse effect caused by water vapor. 

The extent to which these feedback processes would be important on other 
planets obviously depends on their mean temperature, which will influence the 
extent of ice and snow on their surfaces. It also depends on their inventory of water 
and thus the size of their oceans and the extent to which water evaporation drove 
the greenhouse effect. Therefore, we can see that although the principles are quite 
easy to grasp, applying habitability criteria to other planets would require a specific 
knowledge of each body being assessed. 

The ice/snow and water vapor feedback processes function over quite short 
timescales (almost instantly), but there are other feedback processes that operate 
over millions of years and are profoundly important for determining the habit- 
ability of a planet. One of the most important of these is the carbonate-silicate 
cycle. 

The carbonate-silicate cycle regulates the amount of C0 2 in the atmosphere and 
thus the contribution of this gas to the greenhouse effect. The C0 2 in the 
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atmosphere is there mainly as a gas, but some of it is dissolved in atmospheric 
water as carbonic acid (H 2 C0 3 ). When it rains, this weak acid washes over silicate 
rocks and dissolves them. The product of the weathering process is bicarbonate 
(HC0 3 "), which itself is washed into the oceans. Bicarbonate is used by diverse 
organisms for photosynthesis and to make calcium carbonate shells, e.g., those of 
the foraminifera. This C0 2 is thus locked up in these carbonates and effectively 
buried and removed from the atmosphere. The continuous operation of this 
process would, of course, remove all the C0 2 from the atmosphere and cool the 
planet, but the C0 2 fixed as carbonates is eventually returned to the atmosphere. 
Deep in the crust, plate tectonics pushes the carbonates into high-pressure and 
high-temperature regions where it reacts with silicate rocks, releasing the C0 2 back 
into the atmosphere through volcanism, and hence the cycle is complete. 

With this in mind, we can now understand how the carbonate-silicate cycle 
works to regulate the surface temperature of a planet. If the planet slowly heats up 
(e.g., by the slowly increasing solar luminosity over time), the weathering rate is 
increased at the planetary surface (because chemical reactions occur faster at 
higher temperatures), and thus more C0 2 is drawn down from the atmosphere 
in these reactions. The greenhouse effect is thus reduced and the temperature 
drops. Conversely, cooling reduces the weathering rate and less C0 2 is drawn 
down. Because volcanism is still returning the existing C0 2 pool back into the 
atmosphere at the same rate, the atmospheric C0 2 concentration rises and the 
greenhouse effect is increased, thus warming the planet. Thus, we can see how the 
carbonate-silicate cycle provides a negative-feedback control of planetary temper- 
ature. 

The importance of the carbonate-silicate cycle for habitability can be easily 
appreciated by observing Mars and Venus (see also Chapter 8). Mars long ago 
ceased to have plate tectonics. The presence of remnant magnetic regions on Mars 
suggests that it may have had some plate tectonics, but the small size of the planet 
caused it to rapidly cool. The shutdown of widespread volcanism would have 
prevented C0 2 from being rereleased into the atmosphere, thus rendering the 
carbonate-silicate cycle inactive. Combined with this problem is the problem of 
keeping Mars warm at the further distance it occupies from the Sun, which makes 
the C0 2 greenhouse less effective to the point where sufficient C0 2 to keep the 
planet warm would cause it to condense out (although other solutions such as a 
hydrocarbon smog and C0 2 ice clouds might solve this problem). Thus, even if any 
putative carbonates could be returned by volcanism, the greenhouse effect has 
serious problems in operating on Mars. The result is a planet that today has a mean 
temperature of -60 °C, although the subsurface may have environments conducive 
to life. 

By contrast, Venus has a very different problem. Volcanism is still evident on the 
planet; therefore, unlike on Mars, the return of C0 2 to the atmosphere does not 
seem to be a problem. However, the high temperature of Venus long ago caused 
the complete evaporation of its water inventory. The water was eventually lost into 
space from the top of the atmosphere, thus shutting down weathering. With no 
way for the C0 2 to react in surface weathering reactions with silicate rocks 
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mediated by water, all of the C0 2 remained in the atmosphere, leading to the 464 °C 
mean temperature now found at its surface. The atmospheric C0 2 content would 
itself have contributed to greenhouse warming, thus accelerating the loss of water. 

Although there is necessarily some simplification in these accounts, we can see 
how the carbonate-silicate cycle can be used to understand some quite fundamen- 
tal reasons for the conditions of habitability on Venus and Mars. Venus provides us 
with an inner bound at which the carbonate-silicate cycle becomes ineffective and 
a planet is transformed into a scorched desert. Mars can be seen as a proxy for the 
outer bound of habitability. These bounds can therefore be conveniently used to 
define the region around a star where the liquid water is stable on a planetary 
surface within temperature conditions conducive to life. 

Some of the simplifications in this account include the role of plate tectonics. For 
example, if Mars were larger than it is, it is possible that it would retain a 
functioning carbonate-silicate cycle on account of the presence of plate tectonics, 
leading to a cycle of carbon and a less extreme loss of its atmosphere in its early 
history. Might a larger Mars have resulted in a second habitable world in our own 
Solar System? Thus, the bounds of habitability within a star system must be treated 
as somewhat of an approximation. 

In addition, we should bear in mind that mechanisms other than the carbonate- 
silicate cycle might influence the stability of liquid water. The tidal forces exerted by 
Jupiter on its moon Europa, for example, allow for the stability of liquid water 
under a thick ice sheet, independent of the carbonate-silicate cycle's temperature 
regulation (see Chapter 10). Europa lies well outside the traditional habitable zone 
defined by solar luminosity. Nevertheless, the habitable zone provides a convenient 
method to help define regions around other stars that might support liquid water, 
and it helps us to understand how conditions on a planetary surface, down to the 
scale of microorganisms, can be defined by feedback processes operating over long 
time periods. 

Figure 6.2 shows a diagram of where the habitable zone lies around different 
stars. This zone is much the same size when the distance from the star is plotted on 
the logarithmic scale. 

Stars cooler than our own Sun, such as M stars, have habitable zones that are 
closer to their star, because planets need to be closer in for the greenhouse effect to 
work sufficiently. Hotter stars, such as F stars, have habitable zones that are further 
away. For very cool stars, a complication arises in that if the planet is too close to the 
star it becomes tidally locked, meaning that only one side is facing towards the star. 
Although this might cause the dark side of the planet to freeze out, causing the 
atmosphere to collapse, if the atmospheric transport of heat is sufficient, this may 
not occur. It raises the intriguing possibility of life on planets where photosynthesis 
is possible only on one side and life forms on the other side live in perpetual 
darkness. 

In our own Solar System the inner region of the habitable zone is thought to lie 
at about 0.95 AU and the outer region somewhere between 2.37 and 2.4 AU 
(AU = astronomical unit = average distance of the center of the Earth from the 
center of the Sun = approximately 149.6 x 10 6 km) (Fig. 6.2). 
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Fig. 6.2 Habitable zone (boxed area) around other stars as a 
function of the mass of the star and the distance from the star. 
M 0 = Solar mass; the long dashed lines delineate the probable 
terrestrial planet accretion zone (figure is taken from Kasting et 
al. 1993). 



A further augmentation of the habitable zone is the "continuously habitable 
zone" (CHZ). This is the region around a star where conditions for habitability are 
met over some defined period of time. For example, because we know that it has 
taken 3.5 billion years to go from microorganisms to intelligent life on Earth (see 
Chapter 1), a search for planets around other stars might focus on regions where 
the habitable zone exists for at least this length of time. This is especially necessary 
if one wants to search for radio signals from other civilizations, e.g., the project 
Search for Extraterrestrial Intelligence. Shorter lengths of time for the existence of 
the CHZ might be sufficient for the rise of oxygen and thus the possible detection 
of oxygen in the atmosphere of extrasolar planets. 

6.4.2 

Habitability and Energy 

For a planetary surface to be habitable, it must also have a supply of energy. At least for 
much of life on Earth, this energy is derived from the flow of electrons through a 
biologically mediated electron transport chain. The fundamental chemical process 
that drives energy acquisition is called the "chemiosmotic theory." Electron transport 
that occurs during redox reactions expels protons from the cell membrane. This 
translocation process creates a proton gradient across the cell membrane. The protons 
can move back across the cell membrane to do useful work, e.g., adenosine triphos- 
phate (ATP) synthesis (see Chapter 4) . Thus, to make energy for growth, reproduction, 
and repair, most life must have access to electron donors, which supply electrons and 
electron acceptors, which take up electrons in order to drive the energy-yielding 
reactions. Examples of these electron transfer reactions are shown in Fig. 6.3. 
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Inorganic redox couples perhaps represent the most widespread form of energy 
availability. Many of these elements or compounds are formed in supernovae and 
exist in stars. Figure 6.4 shows oxygen and iron in the Sun, which can be used by 
iron-oxidizing microorganisms as a source of energy (they require reduced iron). 
The Sun is obviously not habitable because it has no water and is too hot, but this 
graph nicely illustrates the universally widespread distribution of energy sources 
for life. 

Many microorganisms can use reduced iron as an electron donor and com- 
pounds such as nitrate and oxygen as electron acceptors. Because electron donors 
and acceptors are inclined to react through abiotic processes (e.g., reduced iron 
"rusts" in the presence of oxygen), having a supply of electron donors and acceptors 
requires some type of geochemical disequilibrium where both electron donors and 
acceptors can be continuously produced, coexist, and be available for life. Active 
volcanism, plate tectonics, and asteroid and comet impacts are examples of proc- 
esses that can cause turnover and movement in the planetary surface and subsur- 
face, generating geochemical gradients that life can take advantage of. 

Furthermore, some inorganic redox reactions occur very slowly because of a high 
activation energy; in this case, life can overcome these activation energies and 
increase the rate of the energy-yielding reaction. 

The range of energy-yielding processes on Earth is immense. As well as those 
reactions shown in Fig. 6.3, which are used by chemolithoautotrophs (literally 
"rock eaters"), other organisms rely on heterotrophy (using organic carbon as a 
source of energy - including direct ingestion of prey and fermentation) and still 
others, i.e., photoautotrophs, use sunlight as a source of energy and derive elec- 
trons from water. 



Electron 
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Fig. 6.3 Examples of energetically favorable reactions for 
the acquisition of energy by microorganisms. The downward- 
pointing arrows indicate thermodynamically favorable reactions. 
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Fig. 6.4 Relative abundance of chemical elements in the 
atmosphere of our Sun. The graph indicates that redox couples 
for energy production are widespread throughout the Universe. 



In the case of fermentation, the production of energy relies on the breakdown of 
organic molecules without an electron acceptor being involved - the molecules are 
essentially dismutated with a release of energy and no overall change in the redox 
levels of the substrate and products. In that sense, fermentation differs from other 
types of energy-yielding processes. 

The photoautotrophs produce sugars from the reaction of carbon dioxide and 
water according to the classic reaction in Eq. (6.1). Here, light energy is used to 
activate chlorophyll or bacteriochlorophyll, which then provides an electron to the 
electron transport chain. 



6 C0 2 + 6 H 2 0 + light energy -> C s H 12 0 6 + 6 0 2 



(6.1) 



The sugars produced in this reaction are then available for other organisms to 
respire (burn) in oxygen again, thus yielding the energy locked up in the sugars. 

To a large extent, the biosphere we know of on Earth is made possible by 
photoautotrophs. Without them the biosphere would probably have a productivity 
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much less than about 2 % of its current productivity, and the planet would be 
relegated to chemolithoautotrophs living off rocks and heterotrophs living off the 
organics they produce. The existence of "complex" multicellular life is dependent 
on photosynthesis, because photoautotrophs provide the biologically bound carbon 
and oxygen that make possible the sorts of energy-yielding reactions required for 
large organisms to operate. The rise in atmospheric oxygen, which seems to have 
occurred about 2.4 billion years ago (Fig. 6.5), was the result of photosynthesis, 
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Fig. 6.5 Bounds of oxygen concentrations during the history of 
the Earth. The innovation of using sunlight as a source of energy 
and water as an electron donor resulted in the formation of 
oxygen. Eventually, levels of the gas were sufficient to change the 
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allowing for the widespread use of this oxidant. Thus, it is important to remember 
that habitability can also be influenced, even determined, by organisms them- 
selves. 

Each successive group of organisms inhabiting the Earth may change the 
conditions in such a way that it influences the environmental conditions and 
thereby the nature of the organisms that follow them. In that sense, habitability 
is not merely a function of planetary chemical and physical conditions but is also 
predicated on the course of biological evolution that preceded any given point in 
the planet's history. This course of evolution, at least on Earth, has been strongly 
coupled to life's mechanisms for gaining energy, photosynthesis having had the 
most profound effect on planetary habitability. 

The minimum energy that life can use on Earth is set by the energy needed to 
make ATP, which is essentially the energy currency molecule used by life. ATP is a 
chemical form of energy. The minimum energy that life on Earth seems capable of 
exploiting is 20 kj mol -1 , although studies on hydrogen production and consump- 
tion in sediments suggest that much lower energy availabilities might be exploited 
by life. The degree to which energy-yielding reactions used by life on Earth 
represent the "universal" set of energy-yielding possibilities is not known. Never- 
theless, life on Earth has mastered a vast array of reactions, and almost every 
available redox reaction known, at least amongst chemolithoautotrophs, has been 
shown to have a corresponding organism that uses it. Any planet that has sources 
of energy in the form of organic molecules, inorganic redox couples, or plentiful 
availability of light and carbon dioxide can be presumed to be habitable with respect 
to energy availability. 

6.4.3 

Other Factors that Determine Habitability 

Still other factors may be important for determining habitability and its character- 
istics over the lifetime of a planet. Many of these other factors are contentious and 
open to contrary interpretations. For example, the Moon is thought to stabilize the 
Earth's obliquity. Thus, without it the Earth's obliquity would swing wildly over 
tens millions of years from 0 0 to 85 °. One might argue that this would make the 
Earth less habitable by causing dramatic climate changes. One could equally argue 
that by causing frequent climate change, the lack of a moon would be a selection 
pressure for generalist organisms that were not so sensitive to rarer climate 
changes and were more likely to have longer species lifetimes because of their 
ability to withstand a greater range of environmental changes. Perhaps extinctions 
would be less common. 

Other factors that influence habitability include the impact flux and the magni- 
tude of objects that hit a planet of a given size, which will determine the extent to 
which surface habitats and the atmosphere are perturbed. Further, the ratio of 
oceans to land might influence the availability of oceanic and land-based environ- 
ments for the origin and evolution of life. 
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Determining which factors are essential for habitability and which are not is 
subject to anthropocentric interpretations colored by our own evolutionary path. 
Thus, care must be taken. However, the assertion that the availability of a solvent, 
energy, and nutrients is the minimum requirement for an environment to be 
habitable seems to be a safe proposition. 

6.5 

A Postulate for Habitability 

As the brief review of the history of our perception of habitability has shown, a 
pervasive problem in biology is assessing the habitability of planets for which there 
is a limited dataset. The expense and logistical difficulty of launching missions to 
other planets and moons necessitates drawing biological conclusions based on 
vastly fewer data than are available for habitats on Earth. 

On Earth, at least, we can approach the question of whether habitats are 
habitable or uninhabitable by two means. Firstly, we can directly explore the region 
in question. Because most regions of the Earth are accessible multiple times within 
the budgets that can be acquired through research grants, it is possible for 
scientists to assess the habitability of environments directly. Initial datasets can 
be reviewed by returning to the site of interest. Secondly, environments can be 
assessed by using as analogies environments that have been explored previously 
and that are known to possess very similar physical and chemical characteristics. 
Thus, a comparison of certain unexplored habitats to similar explored habitats on 
Earth allows an extrapolation of habitability criteria (surfaces for growth, liquid 
water, nutrients, light, etc.) to other habitats. 

The assessment of actual or past habitats on other planets poses quite different 
problems for a number of reasons: 

• It is, for the time being, logistically difficult for scientists to 
directly visit extraterrestrial sites of interest themselves. 

• The data that do exist are limited and may have been acquired 
by just a few spacecraft measurements or by observations 
from Earth, thus greatly limiting the empirical basis of as- 
sessment of habitability. 

• The data gathered do not necessarily have a biological focus, 
because that might not have been the focus of the missions in 
the first place. For example, the concentration of the major 
macronutrient nitrogen (in its various biologically accessible 
states) in the Martian regolith is unknown, despite the nu- 
merous landers that have been to Mars and the obvious bio- 
logical importance of this measurement. 

• Extraterrestrial environmental conditions are often very dif- 
ferent from conditions known to support life on the present 
Earth, frustrating any analogue parallels that can be used to 
assess the possibility for life. An obvious example is surface 
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atmospheric pressure and composition, which is different for 
Mars, Venus, and Earth (see Chapter 8). 

We can use the present-day Earth as our point of reference. However, the Earth 
itself evolved through time and so did its habitability. In this respect, the early Earth 
can be regarded as a different planet, and the problems associated with the 
assessment of its habitability are similar to those that challenge us regarding the 
other terrestrial planets. These problems are related to the fact that although we 
have unlimited access to the locations where the oldest well-preserved rocks occur 
(about 3.5 billion years for evidence of life), the dataset is limited because 

• there are only two localities where these ancient rocks are 
exposed (the greenstone belts of Barberton in South Africa 
and the Pilbara in Australia); 

• these ancient terrains are already relatively young, having 
formed a billion years after the formation of the Earth; and 

• the evidence for potential life in these rocks is disputed and, 
consequently, so is the habitability of the Earth at that time 
(see Chapter 1). 

The scarcity of the data points is related to the dynamics of a tectonically active 
planet where the process of lateral plate tectonics has caused the destruction of the 
oldest rocks. 

In view of the inherent complexities in making comparisons between present- 
day Earth and other planets, including early Earth, one useful approach to the 
problem is to define a postulate that can be used to guide attempts to make 
comparisons and to arrive at conclusions on habitability and the likelihood of life. 

Owing to the different environmental conditions occurring on other planets 
compared to the Earth, and to the limited number of datasets available from 
spacecraft and Earth observations, it is necessary to create a bridge between what 
we know about habitats on Earth at present and the environment under consid- 
eration (Fig. 6.6). 

In the case of early Earth the "astrobiological gap" in the assessment of habit- 
ability can be filled by visiting the remnants of early Earth or in the case of 
extraterrestrial environments, by visiting the planet under study. Thus, the ques- 
tions that remain about the habitat being studied can be directly addressed. 
However, if the database is poor, as in the situation of the early Earth, or if it is 
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Fig. 6.6 Astrobiological gap in knowledge between present-day 
Earth habitats and extraterrestrial or early Earth habitats. 
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not logistically easy to visit the planet in question, the gap must be filled by using 
the existing data. 

Historically, in the literature the gap between extraterrestrial or early Earth 
habitats and present-day habitats has been bridged in two ways: assumptions about 
the habitat or assumptions about life. 

6.5.1 

Assumptions about the Habitat 

Assumptions can be made about the physical and chemical characteristics of the 
early Earth or the environment on the planet under study. The problem with this 
approach is that it can, without conscious effort, err on the side of biological 
optimism, especially with respect to extraterrestrial environments. 

As an example, we can use nitrogen as a limiting nutrient. Nitrogen is essential 
for the biosynthesis of proteins and nucleic acids. We know that nitrogen existed in 
the environment of the early Earth, but we do not know in what biologically 
available form it occurred. Likewise for Mars, although the concentration of bio- 
logically available nitrogen in the Martian regolith is not known, there is nitrogen 
in the atmosphere. One might assume that this nitrogen could have been abioti- 
cally fixed into biologically available nitrogen compounds during the past history of 
Mars. However, without direct observation of nitrogen in the regolith, we empiri- 
cally do not know whether it exists, and therefore we cannot empirically assess the 
habitability of Mars at present. As a result of these uncertainties there is a 
temptation to succumb to "biological optimism" (see Section 6.1), making extrap- 
olations from the particular environment being investigated that are most suited to 
proving life. 

6.5.2 

Assumptions on Life 

Theoretical life forms can be matched with the known or inferred conditions on the 
early Earth or in the extraterrestrial environment. This method of bridging the 
astrobiological gap is the most pervasive in the literature. In the case of extra- 
terrestrial habitats, its inherent problem is the temptation to resort to "invented 
physiologies." 

Because of a desire to show that the habitat can support life, new physiologies 
with no counterparts on Earth are invented to show that life might be possible with 
a new innovation. The problem with this line of reasoning is that it requires a 
transgression from science into science fiction. 

6.5.3 

Attempt to Formulate a Habitability Postulate 

The purpose of a postulate for habitability is to bridge the gap between the known 
and the hypothesized while attempting to reduce the chances of biological opti- 
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mism. The principles are self-evident, but they need to be enunciated. One attempt 
to formulate a habitability postulate might be that derived of the following postu- 
late: "The proposition that a planet is or was habitable requires that the physio- 
logical requirements of microorganisms known at the time of assessment match 
the empirically determined combined physical and chemical conditions in the 
environment being assessed" (Cockell and Westall 2004). 

How does this simple postulate help to reduce biological optimism? First, we will 
take the case of habitat assumptions. The second part of the postulate - "the 
empirically determined combined physical and chemical conditions in the environ- 
ment being assessed" - requires us to confine ourselves purely to direct observa- 
tions that have been made by spacecraft or from Earth. Thus, in the absence of a 
measurement of biologically available nitrogen on the Martian surface, we must 
conclude that we do not know whether Mars is presently habitable and we cannot 
know this until we know the concentration of biologically available nitrogen. Thus, 
until such measurements are made, any hypothesis concerning the presence of 
active life on Mars must remain a biological speculation. The same is true for 
measurements of all other known macro- and micronutrients required for life. 
Thus, the assessment of an extraterrestrial habitat as being conducive - or not, as 
the case may be - for life requires the empirical measurement of all factors that are 
currently known to be critical to the kind of life being considered as a potential 
inhabitant. 

The requirement to measure all the currently known nutrients in an extrater- 
restrial or early Earth environment may be a little too stringent. In some particular 
cases, models might provide realistic insights. However, in the absence of total 
knowledge of all physical and chemical parameters known to influence life, we are 
left with gaps. For example, models used to assess the ultraviolet radiation environ- 
ment on Mars are an excellent example of where habitability has, at the time of 
writing, been assessed using models rather than direct field observations. In this 
case light penetration through a C0 2 atmosphere is simple enough for us to be 
confident that these models give realistic insights into the UV flux at the Martian 
surface or on the early Earth, but even they must be treated with caution, as we do 
not know precisely the absorption properties of the ubiquitous Martian dust. 

How does the postulate help us to reduce biological optimism in the assump- 
tions about life? The most parsimonious way to prevent biological optimism is not 
to make assumptions regarding the biochemistry and physiologies of extraterres- 
trial life and to use only those physiologies currently demonstrated to exist on 
Earth. This is required in the first part of the postulate - "requires that the 
physiological requirements of microorganisms known at the time of assessment." 
This seems intuitive, but in the case of Venusian exobiology, biological optimism 
has been a pervasive problem, as we shall see in Section 6.6. Even if a postulated 
physiology appears to be thermodynamically possible, it does not necessarily mean 
that it is biologically likely. There are costs and benefits to different modes of living. 
Thermodynamically plausible modes of existence in energy acquisition, motility, 
UV protection, etc., may not occur if there are some unknown biological or 
biochemical reasons why such a physiology cannot exist. A possible example of 
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such organisms is the hypothesis of thermosynthetic organisms that use temper- 
ature differences at the micron scale as a source of energy. These organisms seem 
thermodynamically possible, but they have never been observed on Earth. Their 
existence is therefore, by definition, science fiction at this time. 

Thus, using the above-suggested constraints, it is possible to bridge the astro- 
biological gap in assessing the possibility of life on other planets and in habitats on 
early Earth while at the same time minimizing the chances of falling prey to 
biological optimism. If the postulate does not hold, the planet or the microenviron- 
ment is uninhabitable at the time of assessment. 

For the environment to become habitable, either 

• new information about the extraterrestrial or early Earth 
environment must be obtained that brings the previously 
uninhabitable environment into the physical and chemical 
hyperspace for life, or 

• new organisms must be discovered on Earth that could po- 
tentially grow in the previously uninhabitable environment, 
i.e., new organisms must be discovered that fall within the 
physical and chemical hyperspace defined by the extrater- 
restrial or early Earth environment under consideration. 

6.6 

Some Test Cases for Habitability 

It might be valuable to briefly look at two test cases of habitability. Aside from 
applying the postulate described above, they will also provide some additional 
information on habitability. 

6.6.1 

Test Case One: Life on Venus 

The habitability of the clouds of Venus has been a matter of discussion in the 
exobiology community since the 1960 s. The clouds of Venus provide an example of 
the way in which exobiological thinking develops in favor of life, and they illustrate 
the potential value of a postulate on habitability. The life on Venus debate will be 
briefly reviewed and the postulate of habitability will be applied as a test case. 

The habitability of Venus has been a matter of speculation since the turn of the 
20 th century. Arrhenius (1918) speculated that the planet was covered in micro- 
bially dominated swamps. Seckbach and Libby (1970) speculated that acidophilic 
algae lived in hot Venusian oceans near the poles. Ichinose and Folsome (1973) 
also considered the habitability of Venus. 

These early speculations were afflicted by a lack of knowledge about the environ- 
ment of Venus at that time and limited knowledge about the range of microbial 
physiologies found on Earth. In the strictest sense, they do not conform to the 
second part of the postulate discussed here, because at the time of assessment it 
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was known that microbes required nitrogen, phosphorus, liquid water, and a range 
of other macro- and micronutrients. Because there was no empirical knowledge of 
the abundance of such elements and compounds on Venus at the time of assess- 
ment, it was not possible to determine whether the physical and chemical environ- 
ment fitted the physiologies of organisms known on Earth at that time. Thus, "we 
do not know if the planet is habitable, we require more measurement" would have 
been a stance consistent with the postulate discussed here. 

The conclusions of these scientists can be defended on the basis that models of 
the environmental conditions on Venus at that time did support the potential for 
Earthlike organisms (the greenhouse effect on Venus had not been revealed), and 
so it was reasonable for them to infer that liquid water existed, and perhaps, 
knowing that Venus was rocky, other elements for life as well. These early authors 
did stay consistent with the first part of the postulate in that they used only 
organisms empirically known on Earth. Arrhenius considered swamps, while 
Seckbach and Libby were more specific and assessed Venus using the acidophilic 
alga Cyanidium caldarium, concluding that it could grow. In that sense they did not 
succumb to biological optimism in their assumptions about life. 

As models and observations of Venus improved, it became apparent that the 
surface is not conducive to life. The temperature on the surface is almost globally 
isothermal at 464 °C (see Chapter 8). This is at least 340 °C higher than the 
currently known upper temperature limit for life (Table 6.1, see also Chapter 5), 
and there is no liquid water on the surface. Because of this apparent hostility, the 
clouds of Venus then became a focus of astrobiological studies and have remained 
so to this day. 

Morowitz and Sagan (1967) speculated on the existence of hydrogen-evolving 
float bladders in the atmosphere of Venus. They proposed that these organisms 
would float through the Venusian cloud layer and would be 75 |im to 4 cm in size. 
This paper was the first suggestion of a life form for the Venusian clouds. The 
problem with the hydrogen-evolving float bladders is that they do not exist in the 
cloud deck of Earth, although there are marine organisms, e.g., most fishes and the 
nautiloids, that use buoyancy to regulate their position in the oceans of Earth and 
cyanobacteria that use gas vesicles for buoyancy. Hydrogen-evolving float bladders 
might seem thermodynamically plausible, but the lack of them on Earth forces us, 
under the conditions of the postulate proposed here, to reject them on Venus. The 
paper, although presenting a beautiful idea, tried to bridge the astrobiological gap 
by conceiving of entirely new organisms to fit the extraterrestrial environment 
being considered, and thus it falls foul of the first part of the postulate. 

Since these early papers were written, a great deal of knowledge about the 
Venusian cloud layer has been gathered. It contains sulfuric acid of concentrations 
between and 81 % and 98 %. These concentrations present an extreme problem for 
osmoregulation in any putative cloud biota. Between 48 km and 55 km, the 
temperature and pressure within the clouds are similar to ground conditions on 
Earth; however, Venus, with a maximum distance of 0.723 AU from the Sun, does 
not lie in the habitable zone of our Solar System (Fig. 6.2). The UV flux at the top of 
the cloud layer, because of Venus's closer proximity to the Sun, is higher than on 
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the surface of the Earth, although deeper in the clouds it is likely to be significantly 
reduced by C0 2 scattering and the presence of UV absorbers in the atmosphere. 

There are a number of ways around the sulfuric acid problem. One could 
hypothesize the existence of microorganisms that can tolerate this high level of 
sulfuric acid. However, the assumption of an entirely new physiology that has not 
been demonstrated on Earth requires a transgression into science fiction and is not 
tenable under the first part of the postulate. 

Another approach might be to assume that there are regions of the Venusian 
clouds that do not have sulfuric acid and are long-lived. However, this has not been 
empirically demonstrated at the time of this writing. Thus, this assumption would 
also require a transgression into science fiction at the time of this writing, and it is 
not tenable according to the second part of the postulate. 

Recently, the cloud deck was discussed as an abode for life (Cockell 1999). The 
author concluded in a synthetic review that anaerobic sulfate-reducing chemo- 
autotrophic organisms fitted the habitat most closely on account of the presence of 
sulfate as an electron acceptor, the presence of hydrogen as an electron donor, and 
the abundance of carbon dioxide and other elements such as phosphorus and 
nitrogen in an essentially oxygen-free environment. But the paper did not suggest 
that the organisms were actually there. 

More recently, there have been new proposals for organisms in the clouds of 
Venus that consider new types of physiologies for growth and survival in the cloud 
layer (e.g., Schulze-Makuch and Irwin 2002). Thus, the debate about life on Venus 
continues, and it illustrates the breadth of discussions in assessing the environ- 
ments of other planets and the potential value of a postulate. 

At the time of this writing (2006), what we empirically know about the cloud deck 
of Venus is that there is sulfuric acid at concentrations between 81% and 98% 
suspended as droplets. We know there is very little water in the clouds. One 
positive observation for life that we can make is that temperatures and pressures 
are favorable in certain regions. Because we do not know at the time of assessment 
of any microorganism on Earth that naturally grows under these combined con- 
ditions in the aerosol state permanently in clouds, we should conclude, if we use 
the postulate formulated above, that Venus is a dead world. 

This is not to say that Venus is a dead world but rather that at the time of 
assessment - in other words, at the time this chapter was written - we must 
conclude that it is a dead world. 

6.6.2 

Test Case Two: Life on the Early Earth 

The use of modern life on Earth as an analogy for ancient life has both positive and 
negative aspects. Obviously, dinosaurs and the weird, but wonderful, Ediacaran 
fauna have no modern analogues. But what about single-celled organisms, such as 
bacteria? 

Using the theory of uniformity, i.e., "the present is the key to the past," 
propounded by the 18 th century Scottish geologist James Hutton, the first obser- 
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vations of microfossils in ancient rocks described microorganisms in the 
1.9-billion-year-old Gunfiint Formation of Canada that resembled contemporary 
microbial mat and stromatolite-forming, oxygenic photosynthetic cyanobacteria. 
Since then, a plethora of investigations reported a wide variety of microfossils 
(often identified down to the species level), from increasingly older rocks up to the 
highly metamorphosed, 3.8-billion-year-old Isua Greenstone Belt in southwest 
Greenland. In the latter case, cyanobacteria-like and even yeast-like species were 
described. The well-preserved 3. 5 -billion-year-old chert horizons of the Barberton 
(South Africa) and Pilbara (northwest Australia) Greenstone Belts have yielded 
many species of cyanobacteria, as interpreted by Schopf, Walter, and others (see 
also Chapter 1). The identification of these organisms stimulated a cycle of further 
studies of modern cyanobacterial mats and the continued search for such organ- 
isms in the ancient rocks. 

The result of nearly 50 years of such investigations is the creation of a frame- 
work of understanding and search methodology that is rigidly locked into the 
identification of fossil cyanobacteria. Although cyanobacteria are wide ranging in 
morphology, they tend to be much larger than most other types of bacteria and 
exhibit a type of cell differentiation that does not occur in other prokaryote groups. 
This makes them relatively easy to observe and identify with simple optical 
microscopic methods. Moreover, their use of a more efficient energy-producing 
metabolism led to 

• a vast increase in biomass and 

• an important influence on the precipitation of calcium car- 
bonate. 

The prominent stromatolites so typical of the later Precambrian are a result of 
these two factors. 

Microbial mats formed by non-cyanobacterial microorganisms are, on the other 
hand, subtler in terms of size, morphology, and volume importance. They, and the 
microorganisms that form them, also require more sophisticated methods of 
observation, such as electron microscopes. 

The existence of cyanobacteria and yeasts in these ancient rocks would imply 
very rapid evolution of life, because oxygenic photosynthesis is a sophisticated 
method of obtaining energy, while the yeasts belong to the eukaryote group. This 
produced a dichotomy regarding the environment of the early Earth, because 
modeling by the group of Kasting, as well as the geochemical analyses of the rocks 
used by Rye and coworkers (1995), suggested that the early environment was very 
poor in oxygen. (On the contrary, Ohmoto [1999] contended that oxygen levels were 
as high as they are today) . 

The dichotomy can, however, be resolved very simply. It was shown by Westall 
and Folk (2003), for example, that the yeast-like and cyanobacterial microfossils 
from the Isua rocks are actually recent windblown or endolithic contaminants in 
the cherts. With respect to the 3. 5 -billion-year-old cherts from Barberton and the 
Pilbara, it has been suggested by Westall and coworkers and Brasier and coworkers 
(2002) that the fossil cyanobacteria are most likely artifacts. Westall (2003) dem- 
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onstrated that, although life was relatively abundant in the Pilbara and Barberton 
cherts, it consisted of small microorganisms that formed mats in non-oxygenic 
environments. These microfossils, with extremely rare exceptions, are individually 
not visible with the optical microscope, although the mats that they form are. 

Was the identification of cyanobacteria in the very ancient cherts biological 
optimism? In fairness to the original interpretations, little was known about the 
environment of the early Earth, and thus the interpretation of oxygenic photo- 
synthesizers could be defended (the existence of sophisticated eukaryotes, such as 
yeasts, was rather surprising, however). The problems involved in studying the 
most ancient habitats on Earth have obvious relevance to the study of actual and 
ancient habitats on other planets, such as Mars. 

6.6.3 

Resume of the Two Test Cases 

These two test cases show that the assessment of environments on other planets or 
the early Earth as being habitable or uninhabitable needs a postulate that allows the 
environments and potential life to be evaluated with the minimum chance of 
biological optimism. Such a postulate was discussed in Section 6.5. 

The postulate suggests firstly that the physical and chemical conditions deter- 
mined by direct or indirect analysis of rocks, in the case of ancient terrestrial 
environments, and by Earth or spacecraft observations, in the case of other planets, 
be used as a basis to evaluate the environment as an abode for life. Secondly, the 
physiologies of known organisms should be used as a basis to assess the plausi- 
bility of a potential physiology capable of tolerating those conditions. When applied 
to Venus, this postulate suggests that the planet is lifeless. With regard to the early 
Earth, it argues for new approaches to the interpretation of early life and ancient 
microfossils. 

In view of the increasing number of worlds coming under scrutiny and the 
possibility that even the environmental conditions on the surface of Earthlike 
extrasolar planets might one day be empirically determined, the debate about the 
definition of habitable and uninhabitable, and if habitable, by what type of life, has 
become a useful one for standardizing approaches for the biological evaluation of 
other planets. 

6.7 

Conclusions 

According to the postulate of habitability, the following items need to be considered: 
• Habitability is dependent upon the biochemical system under 
consideration. However, assuming that life is carbon-based 
and requires liquid water, sets of conditions required for life 
can be broadly defined and we can use these conditions to 
assess the habitability of other planets. 
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• Conditions for habitability favor microorganisms because they 
have a broader range of environmental tolerances than mul- 
ticellular life and therefore may be more widespread, or at least 
the potential for their existence may be more widespread. 

• Defining habitability and searching the Universe for its 
presence (or demonstrating its absence) constitutes one of the 
great challenges of biology. 
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6.9 

Questions for Students 

Question 6.1 

Describe two factors that might be important for the habitability of a planet. Why 
are they important? 
Question 6.2 

Why is Jupiter's moon Europa such a focus for astrobiologists? What factors 
about this moon make it biologically interesting? 
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Question 6.3 

Describe how the carbonate-silicate cycle is involved in regulating planetary 
temperature. 
Question 6.4 

Discuss the assertion, "The circular objects on the moon are the fortresses that 
lunarians have built to defend their cities." 



Astrodynamics and Technological Aspects of Astrobiology 
Missions in Our Solar System 

Stefanos Fasoulas and Tino Schmiel 

The chapter gives an introduction into some basic technological 
aspects related to space missions in general and to astrobiology 
missions to other planets, asteroids, comets, and/or moons in 
particular. We focus on explaining the payload mass limits and the 
specific constraints given by orbital mechanics. 



7.1 

Introduction 

Space missions are associated with many different applications, e.g., telecommu- 
nication, navigation, Earth observation, planetary exploration, and, very often, 
manned spaceflight. In the past few years, another discipline, namely, astrobiol- 
ogy, has become more and more important. Today, many scientific space missions 
are especially dedicated to tackling astrobiological questions. The opportunities of 
space missions in low Earth orbit (LEO), by using space-based telescopes or by 
exploring in situ the planets (see Chapter 12), moons, and other bodies in our Solar 
System, provide unique possibilities for all scientists seeking a deeper understand- 
ing of the origin and nature of life. Thus, the community of scientists from other 
disciplines that formerly were not necessarily linked to the space sciences is 
continuously increasing. 

In the meanwhile, astrobiology missions are much diversified, using different 
experiments in LEO, space-based telescopes, different landing probes, satellites 
orbiting other planets, and, possibly in the very near future, sample return mis- 
sions from different locations in our Solar System. All these missions have their 
specific constraints, but they also have some common boundary conditions. There- 
fore, this chapter will concentrate on some selected basic boundary conditions for 
space missions, especially for the reader who is not familiar with space engineer- 
ing. One main focus is to understand what space engineers mean when they talk 
about a required velocity change Av to realize a particular mission, or about payload 
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and structure fractions, and why they are always worried about each gram of a 
mission. 

Probably everyone has the feeling that the mass budget of a space mission is 
critical, but why is this so? This shall be explained by the basic rocket equation. 
Then some basics of orbital mechanics will be discussed, followed by a brief 
introduction into orbital maneuvers. Finally, in order to illustrate our general 
findings, missions to Mars will be briefly addressed. 



7.2 

The Rocket Equation 

7.2.1 

Single-staged Rockets 

The original derivation of the rocket equation is attributed to Konstantin Tsiolkov- 
sky (1857-1935), a Russian schoolteacher (Fig. 7.1). The Tsiolkovsky rocket equa- 
tion, which is simply the result of the momentum conservation equation for a 
single-staged rocket, states that the characteristic velocity change Av c h of a rocket is 
proportional to the velocity of the exhaust gases c e multiplied with the logarithm of 
the initial total mass m 0 divided by the final, end-of-burn mass m b : 

A Vch = c e ln(^) (7.1), 

where m 0 = m s , mcture + m Payload + m Fuel (7.2), 

and m b = m Stru£ture + m Pay i oad (7.3). 

The structure mass (m S t m cture) comprises the mass of all needed subsystems of a 
rocket, e.g. the tanks, thrusters, pumps, pipes, sensors, and other subsystems. The 
payload mass (ra Pay i oa d) essentially comprises the scientific instruments of a mis- 
sion plus all equipment supporting these instruments. Now, by defining a struc- 
ture mass ratio o and a payload mass ratio |x according to 

^Structure 

o = 7.4 , 

m 0 

and tx = mpayload (7.5), 
mo 



D v R (t) m R (t) [3-» 



Fig. 7.1 Scheme for the derivation of the rocket equation; 
c e = velocity of the exhaust gas; v R (t) = velocity of the rocket 
depending on time; m R (t) mass of the rocket depending on time. 



Eq. (1) can be rewritten as 
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Av ch = c e In ( ) (7.6). 

Table 7.1 shows that typical values for the structure fractions of chemical rockets 
are below 10%. Based on this relation, Fig. 7.2 shows the resulting payload 
fractions for different structure fractions as a function of Av c h / c e . Now, in order 
to illustrate the meaning of a structure fraction a = 5-10%, let us consider an 
example from biology. What is the structure fraction of an egg, which means, what 
is the shell mass related to the total egg mass? 



Table 7.1 Initial total mass m 0 , structure fraction a for the first 
stage, and launch acceleration of three different rocket types 
(go = acceleration of gravity). 



Rocket type 


Total mass m 0 (kg) 


Launch acceleration 


Structure fraction a 
for the first stage 


Scout 


18 100 


2.53 g„ 


8.9% 


Ariane 


202 510 


1.22 go 


6.6% 


Saturn V 


2 850 000 


119 go 


4.8% 



In a non-representative experiment the author performed for a lecture in Dres- 
den, it turned out that the average structure fraction of six free-range eggs was 
about 11% of the total mass. Certainly, an eggshell is not made of the strongest 




Av ch /C e 

Fig. 7.2 Payload fraction as a function of Av ch / c e ; see Eq. (6) 
(a = structure fraction; |X = payload fraction). 
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material that could be provided by nature, but, on the other hand, it usually does 
not have to withstand accelerations of up to several g's, extreme vibrations, high 
internal temperatures and pressures, aggressive and explosive fuel compounds, 
and so forth. This figurative example of an egg may give an impression of how 
thin and fragile rockets must be, having only about half the structure fraction of 
an egg. 

Indeed, some rocket structures are so thin that they would buckle under their 
own weight as soon as they are put upright. How is this done, then? First the fuel is 
put into the tanks under a higher pressure and then the rocket is put upright. The 
tanks serve simultaneously as the skin structure of the rocket, and therefore the 
internal fuel pressure stabilizes the rocket. 

As a matter of fact, the results of Eq. (6) as depicted in Fig. 7.2 show that, even for 
a very ambitious structure fraction of about 5 %, the characteristic velocity change 
would be lower than 2.8 times the effective exhaust velocity if some payload, let's 
say of about 1 % of the total mass, is assumed: 

Av chmax < 2.8 ■ c e for o = 0.05 and \i = 0.01 (7.7). 

The situation is of course worse for a higher structure fraction. On the other hand, 
the effective exhaust velocity c e depends on the total energy in the combustion 
chamber of a rocket, which is given for chemical rocket propellants mainly by the 
heat of formation Ah R , e.g., for liquid hydrogen (LH 2 ) and liquid oxygen (LOX) as 
propellant, by 

LH 2 + LOX => H z O + Ah R (7.8) 

Ce.maxjdeal = \/2Ah R (7.9). 

Subsequently, the heat of formation must be chosen as high as possible in order to 
achieve a high exhaust velocity. Some values for chemical compounds with the 
highest known heat of formation are given in Table 7.2. With the exception of the 
compound BN, these compounds are oxides or fluorides of metals, hydrogen, or 
carbon. The burning of metals in a combustion chamber is technically not an easy 
task, as they often build impermeable oxide layers that could prevent a complete 
burn or could block the nozzle throat. Some of them are extremely toxic and highly 
reactive and thus are very difficult to store. Nevertheless, some metals as powders, 
mainly aluminum, are given as energy-increasing additions to solid rocket propel- 
lants. Thus, practically all chemical propellants used in rocketry are based on 
hydrogen and its compounds with carbon and nitrogen. Fluorine has never 
reached an operational status because of its high reactivity. Thus, only oxygen 
and its compounds are used as oxidizers. 
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Table 7.2 Heat of formation and maximum velocity of the 
exhaust gases [c e j mKi i( j ea |)] for some chemical compounds. 



Compound 


Heat of formation 


Melting point 


Boiling point 


^e, max, ideal 




(MJ kg" 1 ) 


m 


m 


(m s" 1 ) 


BeO 


29.670 


2 550 


3 850 


6 921 


LiF 


23.606 


848 


1767 


6 869 


BeF 2 


21.495 


547 


1 170 


6 554 


Li 2 0 


19.986 


1427 


2 997 


6 320 


B2O3 


18.352 


450 


2 217 


6 056 


AIF3 


17.766 


_ 


1279 


5 959 


MgF 2 


17.640 


1263 


1 357 


5 937 


BF 3 


16.676 


-129 


-101 


5 773 


A1 2 0 3 


16.425 


2 045 


2 700 


5 729 


SiF 4 


15.000 


-90 




5 475 


MgO 


14.958 


2 642 


2 800 


5 468 


Si0 2 


14.623 


1610 


2 727 


5 406 


HF 


14.192 


-85 


19 


5 326 


NaF 


13.576 


992 


1704 


5 209 


H 2 0 


13.442 


0 


100 


5183 


CF 4 


10.391 


-184 


-128 


4 557 


BN 


9.805 




(2 327) 


4 427 


co 2 


8.967 


-58 


-79 [a| 


4 233 



a Sublimation point 



Of course, the ideal value for the velocity of the exhaust gases c e cannot be reached 
because of internal losses in the thrusters. When expanding the propellants 
through a nozzle into a vacuum, for the hydrogen-oxygen combination a value 
of about 4-4.5 km s _1 can be achieved, corresponding to an efficiency of about 
75 %. Additionally, when launching from the ground, c e is further limited to about 
3-3.4 km sT 1 . Thus, one can calculate the Av limit for single-staged rockets to about 
9-10 km s _1 . It will be shown later that this is the minimum value needed to get a 
satellite into a low Earth orbit. 

7.2.2 

Multiple-staged Rockets 

The solution to obtaining a higher Av, the staging concept, is based on the idea of 
continuously jettisoning structure mass that is not needed anymore, e.g. thrusters, 
tanks, boosters, and payload fairing. The describing equation is then 

Av ch ., otal = c e i In ( — ] + c e2 In ( — ] + . . . = V c ei In (— ) (7.10), 
V m bl/ V m b2/ jr( V m biy 

where m bi ^ m 0(i+ i) (7-11). 
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Av , [km/s] 

Fig. 7.3 Payload fraction as a function of Av c h for single- and 
multiple-staged rockets; index in a, gives the number of stages, 
e.g., Oi for 1 -stage rocket, a 2 for 2-stage rocket, etc. The names 
give examples of different rockets launched. 

Thus, the overall Av can be increased as depicted in Fig. 7.3. Indeed, Av could be 
increased almost linearly with increasing number of stages. However, in this case 
the payload fraction is decreased exponentially (notice that the payload fraction is 
depicted on a logarithmic scale in Fig. 7.3). Thus, for multiple-staged rockets Av is 
limited if a payload fraction of at least 0.1 % is assumed. 



7.3 

Orbital Mechanics and Astrodynamics 

7.3.1 

Some Historical Notes 

The description of planetary motion has challenged scientists for many centuries. 
The early Greeks believed that celestial bodies moved in circles around the Earth. 
At that time this idea was in excellent agreement with observations for all distant 
stars. However, some of the observed bodies had a somewhat strange motion. 
Sometimes they moved backward and forward in the celestial sphere reference. 
Thus, they were called planets, from the Greek word for "wanderer" or "nomad." 
This geocentric universe model probably reached its peak of refinement around the 
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year 140 with Ptolemaeus (85-165), who calculated the orbits of the planets using 
various combinations of circles known as epicycles. 

It took almost 1 500 years before Nicolaus Copernicus (1473-1543) placed the 
Sun at the center of the Solar System, with the Earth rotating on its axis once a day 
while moving around the Sun once a year. However, Copernicus still believed that 
a planetary orbit should be circular, and his geometry was therefore as complex as 
that of Ptolemaeus. It was Johannes Kepler (1571-1630) who, based on the precise 
observations of Tycho Brahe (1546-1601), discovered and formulated the laws of 
planetary motion that are known today as Kepler's laws (Fig. 7.4). 
Kepler's First Law: The planets orbit the Sun in elliptical orbits with the Sun at one 
focus. 

Kepler's Second Law: The line connecting a planet to the Sun sweeps out equal areas 

in equal amounts of time. 
Kepler's Third Law: The time required for a planet to orbit the Sun, called its period, is 

proportional to the long axis of the ellipse raised to the 3/2 power. 

The constant of proportionality is the same for all the planets. 
However, Kepler could not explain physically what forces were responsible for 
these laws. This explanation was provided by Isaac Newton (1642-1727). He 
published his three laws of motion and the law of universal gravitation in the 
Principia in 1687, stating the following: 

Newton's First Law of Motion: A body stays at rest or moves with a constant 

velocity on a straight line unless acted upon 
by an external unbalanced force. 

Newton's Second Law of Motion: An applied force is equal to the time rate of 

change of momentum. 

Newton's Third Law of Motion: All forces occur in pairs, and these two forces 

are equal in magnitude and opposite in di- 
rection. 

Newton's Universal Law of Gravitation: The force of gravity between two bodies is 

directly proportional to the product of their 
masses and inversely proportional to the 
square of the distance between them. 




Perihelior 



Fig. 7.4 Illustration of Kepler's laws. 
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F = Y 



mM 



(7.12), 



where F = force of gravity; m and M = mass of the two bodies; r = distance between 
the two bodies; y = gravitation constant. 



These laws explain why a satellite, a moon, or a planet stays in orbit around the 
Earth, a planet, or the Sun, respectively. Very often it is argued that the gravitational 
force is counterbalanced by a centrifugal force. This is easy to understand but is 
physically incorrect, because according to Newton's first law of motion the body 
should then maintain a constant velocity on a straight line, which is obviously not 
the case. 

The correct answer is that gravity forces the satellite to fall towards the Earth; 
however, because of its velocity it will never touch the Earth's surface, meaning that 
the satellite is in a continuous free fall "around" the Earth. Today, it is known, 
thanks to Albert Einstein (1879-1955), that even this answer is not the complete 
truth. According to Einstein's theory of relativity, the answer should be that gravity 
mass causes a curvature in space-time, in which the satellite is caused to move. 

By combining Newton's second law of motion with his universal law of grav- 
itation, an equation is obtained for the satellite's acceleration vector r if it is 
assumed that gravity of only one central point mass is the only force: 



Y = 6.670 • 10 



n 



(7.13). 



kgs 2 




= 0 



(7.14). 



z 



Circli 




Hyperbola 



Fig. 7.5 Satellites can orbit a central mass in 
any of the four conic sections: circle, ellipse, 
parabola, or hyperbola. 
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This equation is called the "two-body equation of motion," giving the motion of a 
satellite's position vector r in his orbit. A solution to this equation is the polar 
equation of a conic section: 



a(l-e 2 ) 

iVecosi < 7 - 15 >' 



where a is the semi-major axis, e is the eccentricity, and 8 is the so-called true 
anomaly, an angle measured from the closest point of the orbit to the current 
position (see also Fig. 7.4). A conic section is a curve formed by cutting a plane 
through a right circular cone, as illustrated in Fig. 7.5. The angular orientation of 
the cutting plane determines whether the conic section is a circle, ellipse, parabola, 
or hyperbola. 

7.3.2 

The Energy Conservation Equation 

In order to illustrate the physical meaning of the possible orbits, another equation 
that also can be derived from the two-body equation of motion can be used, the so- 
called "vis-viva" or "energy conservation equation": 

U - =const =£ = _YM = l 2 

2 ^r 2a 2 00 1 ' 

kinetic potential 
energy energy 

where e is the total mass-specific mechanical energy of the satellite and v is the 
magnitude of the velocity. The term for the potential energy defines the potential 
energy as zero at infinity and negative at any radius less than infinity (Fig. 7.6). 
Using this definition, the specific mechanical energy of elliptical and circular orbits 
is always negative, and a velocity at infinite distance to the central body mass 
cannot be defined. As the energy increases and approaches zero, the semi-major 
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v Apogee ~ v min 
^Apogee = 'max 




'Perigee 



= V r 



'Perigee 



= r„ 



Fig. 7.7 Illustration of an elliptical satellite 
orbit in Earth's gravitation potential (note that 
this is not an orbit in physical space). 



axis of the ellipse gets larger and larger, approaching a parabolic orbit. The velocity 
on a parabolic orbit is thus high enough to escape from the central mass, having at 
infinity a zero velocity relative to this mass. If the energy is further increased to 
positive values, the velocity is then high enough to escape from the central mass, 
having at infinity a finite velocity relative to this mass, leading to hyperbolic orbits. 

The orbit period P for elliptical orbits also can be derived from the energy 
conservation equation as 



(7.17). 



For circular orbits, the semi-major axis a simply equals the orbit radius r. (Recall 
that this is just Kepler's third law including the constant of proportionality.) 




7.3.3 

Some Typical Velocities 



The velocity of circular orbits is given by the energy conservation equation as 



^circle 




(7.18). 



Therefore, the velocity needed to maintain a circular orbit is higher the closer the 
satellite is to the central body. This is illustrated in Fig. 7.6. Notice that the curves 
shown in Fig. 7.6 are not orbits in physical space but only in potential energy. 

The velocity on elliptical, parabolic, or hyperbolic orbits at a certain distance from 
the central mass can be calculated by 
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-fXM-T 1 (7.19). 

Thus, the velocity reaches a maximum value for the closest orbit point and a 
minimum for the most distant point of the orbit (Fig. 7.7). 

Now, staying on Earth's surface, what kind of orbits can be achieved and what 
velocities are needed? Assuming a launch location on a big mountain and that the 
Earth is a perfect sphere without an atmosphere, the velocity to which a satellite 
must be accelerated perpendicular to Earth's gravitational field is simply 



/Y M Earth - 01 km 

VLowEarthOrbit = W-5 ~ I -71 (/ .10). 

V K E arth S 

This value is known as the first cosmic velocity. For slightly lower values, the 
satellite would fall in an elliptical trajectory back to Earth; for higher values it would 
reach an elliptical orbit around the Earth. However, if the velocity is further 
increased, reaching an infinite value for the semi-major axis a, then the satellite 
would be on a parabola. The velocity needed for this at Earth's surface is called the 
second cosmic velocity and has a value of 



/2YM E arth „ T km n „, 

Vparabola = A/-5 ~ H-2 (7.21). 

V ^Earth S 

Figure 7.8 depicts these findings. If losses resulting from atmospheric drag or from 
the fact that satellites cannot be launched directly perpendicular to Earth's gravita- 
tional field are taken into account, about 15-20% must be added in order to 
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estimate the necessary Av to get a satellite into orbit. Thus, for low Earth orbits, this 
Av demand is about 9-10 km s" 1 . Figure 7.8 also illustrates that for establishing 
elliptical orbits other than those going through the launching point, additional 
maneuvers or burns are necessary. 

7.4 

Orbital Maneuvers 

7.4.1 

High-thrust Maneuvers 

To change a satellite's orbit, its velocity vector in magnitude and/or direction must 
be changed. Compared to the orbital period, most chemical propulsion systems 
operate for a short time only, so the maneuver can be treated as an impulsive 
change in velocity while the position is the same. Therefore, any maneuver must 
occur at a point where the old orbit intersects with the new. If there is no 
intersection, then an intermediate orbit must be used, which intersects both. 
Generally, the change in velocity needed to go from one orbit to another is 

Av = v 2 -vi (7.22). 

As a first example, an orbit change from an Earth equatorial orbit to a polar orbit at 
the same altitude is considered. The required velocity change would be 



| Ay | = |v 2 - v,| = \fh x 



(7.23). 



Av 2 




Transfer Orbit: Ellipse a=(r x + r 2 )/2 



Orbit 2: Circle, r 2 , v ; 



Fig. 7.9 The Hohmann transfer ellipse between two circular 
orbits. Note that the velocity on the final orbit 2 is lower than on 
the initial orbit 1, but the satellite must be accelerated twice for 
the transfer. 
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Fig. 7.10 Required Av for a Hohmann transfer ellipse between 
two circular orbits. 



Performing this maneuver in low Earth orbit would mean that the required Av is 
\fis\ ■ 7.91 km s -1 = 11.2 km s -1 . Recall that this is just the value required to 
escape from Earth's gravitation when launched from the ground! Out-of-orbital- 
plane changes are therefore performed only when absolutely required. 

In order to establish an orbit that is higher in altitude (e.g., a geosynchronous orbit 
[GEO]) than the initial one (e.g., a LEO), another typical maneuver is performed. The 
most efficient direct transfer orbit is an ellipse that tangentially intersects both orbits 
(Fig. 7.9) . This transfer ellipse is called the Hohmann transfer orbit. The total change 
in velocity required for the transfer is the sum of the velocity changes at the perigee 
and apogee of the transfer ellipse. Because the velocity vectors are collinear, the 
velocity changes are simply the differences in magnitudes of the velocities in each 
orbit, namely, for circular initial and final orbits: 



AvHohmann = Avi + Av 2 = (vellipse,l _ V c i rc le,l) + (v c ircle,2 ~ Vellipse.2) (7.24). 

The result of Eq. (24) is depicted in Fig. 7.10 as a function of different ratios of the 
initial and final radii. An important and somewhat surprising result is that the 
required Av for a transfer between two circular orbits around the same central mass 
reaches values above the required Av for escaping from gravitational attraction. This is, 
for example, the case for a transfer between LEO (r LEO = 6 600 km) and GEO 
(r GE0 = 42 000 km). The reason for this is that at the first burn the fuel mass needed 
for the second burn has to be accelerated and lifted in the gravitational field. Thus, 
from an energetic point of view, it is less expensive to launch a satellite from LEO into 
an interplanetary orbit than to GEO. Finally, in most cases it turns out that the 
required Av for an orbit change is higher the more maneuvers (burns) are performed. 
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7.4.2 

Low-thrust Maneuvers 

It is often argued that thrusters such as electrical or ion thrusters can achieve a 
much higher exhaust velocity, and therefore a higher overall velocity change Av, 
than chemical rockets. This is in many cases true, although the structure fraction 
would certainly be increased because of the needed additional power support. 
However, the total thrust achieved is usually not sufficient to allow for an appli- 
cation in the first stages of a rocket. Nevertheless, when using electrical thrusters, 
e.g. as a third stage, the total Av can be increased as depicted in Fig. 7.11. 

On the other hand, because of the low thrust, the operation time is also 
increased, leading to the situation of having an almost infinite amount of small 
pulses (as approximation for a continuous long-term burn). Considering the 
discussion of the previous chapter, this would lead to an increase of the required 
Av to accomplish the same orbit transfer. As an example, Fig. 7.12 shows the result 
for a transfer between two circular Earth orbits in comparison to the Hohmann 
transfer. Thus, it is important to have not only a high Av capability of a rocket but 
also a low Av requirement according to the orbit maneuvers that are possible with 
the used propulsion systems. An overview of the required Av to accomplish a 
certain mission is given in Table 7.3. 




Av [km/s] 

Fig. 7.11 Payload fraction as function of Av for multiple staged 
rockets. Different combinations of chemical and electrical propul- 
sion are compared. Note that electrical thrusters have higher ex- 
haust velocity than chemical thrusters and that generally o chemica | 

< Oelectrical and C e ,chemical < C e ,electrical, ^ Ut tne tr| rUSt ^electrical « ^chemical- 



7.4 Orbital Maneuvers 193 




Fig. 7.12 Comparison of the Av requirement for a Hohmann 
transfer and a transfer with continuous low thrust. 



Table 7.3 Typical Av requirement and resulting typical payload 
fraction |l for different mission types. 



Mission type 


Av (km s" 1 ) 


1' 


LEO 


^9-9.5 


0.04 


Escape from Earth's gravitation 


»12.5 


0.015 


LEO + Hohmann transfer to GEO 


«13 


0.01 


Earth-Moon-Earth 


«18 


0.0025 


Grande tour (Earth-Jupiter-Saturn-Uranus-Pluto) 


^23 


0.00035 


Earth-Mars-Earth 


f»23 


0.00025 


Comet rendezvous 


sd25 


0.0002 


Mission out of ecliptic plane (35°) 


Ri26 


0.00016 


Earth-Mars-Earth with "soft" landing 


«34 


0.00001 


Crash into Sun 


«40 


0.000005 



LEO = Low Earth orbit 

GEO = Geosynchronous Earth orbit 

7.4.3 

Gravity-assist Maneuvers 



Table 7.3 illustrates that the Av requirements for space missions are very high, and 
therefore - according to the Tsiolkovsky equation - the resulting payload fractions 
are very low. This is especially the case for interplanetary missions to the outer 
planets of our Solar System. 
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Heliocentric orbit after leaving 




Fig. 7.13 Illustration of gravity-assist maneuvers. Left: in a 
heliocentric reference system, right: in a topocentric (planet) 
reference system. 

Fortunately, there is an alternative that allows for increasing a vehicle's energy 
(and therefore velocity) relative to the Sun without requiring fuel: the "gravity- 
assist" or "swing-by" maneuver. This maneuver uses a planet's gravitational field 
and orbital velocity to "sling" the satellite, changing its velocity in magnitude and 
direction (Fig. 7.13). As the satellite enters the gravitational field on a hyperbolic 
orbit and passes behind the planet, the planet pulls it in the direction of the planet's 
motion. Thus, it gains energy with respect to the Sun, altering the satellite's 
original orbit around the Sun. If the satellite passes in front of a planet, it is pulled 
in the opposite direction, causing a slowdown in velocity relative to the Sun. Of 
course, because of Newton's laws (action - reaction) the same energy change 
occurs for the planet as well. However, because of the significantly smaller mass 
of the satellite, the effect on the satellite can be extreme, whereas for the planet it is 
negligible. 

Gravity-assist trajectories often make the difference between possible and im- 
possible missions. For example, the Galileo mission to Jupiter was launched 
towards the inner Solar System, performing first one swing-by maneuver at Venus 
followed by two subsequent swing-by maneuvers at Earth. Another example is the 
Ulysses probe, which performed a gravity-assist maneuver at Jupiter that sent it out 
of the ecliptic plane into a polar orbit around the Sun. 

Of course, in order to establish such maneuvers, the constellation between the 
Earth, the gravity-assist planet, and the target planet must be in accordance. This 
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often determines possible "launch windows," meaning the time frame in which 
the spacecraft has to be launched. 

Finally, it is important to note that in both cases, either acceleration or deceler- 
ation of the satellite relative to the Sun, it leaves the planet's sphere of influence on 
a hyperbolic orbit (relative to the planet!). Thus, in order to establish an orbit 
around a planet, an impulse (thrust), and therefore fuel, is again required. 

7.5 

Example: Missions to Mars 

In the following sections, some of the general findings from the previous chapters 
will be discussed regarding missions to our neighboring planet Mars. First, in order 
to establish an interplanetary trajectory to Mars, the satellite should be launched 
with a velocity higher than 11.2 km s" 1 (the escape velocity from the Earth) relative to 
Earth. Further, it should be launched in the direction of the Earth's motion around 
the Sun; otherwise, the Av requirement would be increased by the Earth's own 
velocity around the Sun of about 29.8 km s" 1 . For a launch to Mars, often the Earth's 
own rotational velocity is also used, i.e., a launch towards the east and additionally 
during nighttime is performed (assuming a direct launch from Earth's surface and 
an injection into a Hohmann transfer). As already discussed, the most energy- 
efficient transfer trajectory is a Hohmann transfer joining Earth and Mars' orbit 
around the Sun. Of course, as soon as the satellite's orbit intersects with the Martian 
orbit, the planet should be at this position in order to set up a "rendezvous." A certain 
initial constellation between the two planets is therefore needed, as seen in Fig. 7.14. 




Second 
Opportunity 

First Opportunity (about 780 days 

later) 

Fig. 7.14 Launch window for a mission to Mars. 
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All these issues define the launch window, which opens for just a few days or weeks 
and is additionally restricted in local time. If the window is missed, the next 
opportunity occurs after about 780 days. 

Because of the limited payload fraction of the launch vehicle, the amount of fuel 
carried with the probe is limited, too. Thus, only a few minor interplanetary 
correction maneuvers (usually about four or five) are possible in order to adjust 
the orbit for a typical journey of about 500 000 000 km. The main fuel portion is then 
needed to slow down the spacecraft to a mostly high eccentric orbit around Mars, 
except, of course, if a direct landing without a prior velocity change is planned. 

Many of the orbital missions to Mars performed in the last few years make use of 
so-called "aerobraking" maneuvers to establish a final orbit. Therefore, the closest 
point (periapsis) to the planet is chosen so that the spacecraft flies through the 
upper part of the atmosphere, which causes aerodynamic drag and further slows 
down the spacecraft, and subsequently its apoapsis (most distant orbital point). The 
effect on the apoapsis is higher than that on the periapsis, and after performing 
this aerodynamic break over several passages, an orbit with a lower eccentricity is 
achieved. Finally, a small burn at the apoapsis lifts the periapsis out of the 
atmosphere and the final orbit is established. 

Again, the necessary fuel mass for the braking maneuvers together with the 
required satellite system mass, (e.g., energy, attitude, and orbit control; commu- 
nication; thrusters; tanks), significantly limits scientific instrument mass. The 
situation is similar for entry and landing probes where some of the fuel necessary 
for orbit insertion can be saved, but additional system mass must be introduced, 
e.g., for the heat shield. 

Because the scientific payload for interplanetary missions is so restricted in mass 
(and also in energy demand), an alternative to studying the planets or their surface 
material is to bring material from other celestial bodies, especially from Mars, to 
Earth for further in-depth investigations. Therefore, some basic boundary condi- 
tions and scenarios for a Mars sample return (MSR) mission will be discussed here 
(see Figs. 7.15 to 7.17). A more detailed discussion is provided by D. Boden and S. 
Hoffmann in Human Spaceflight: Mission Analysis and Design, edited by W. Larson 
and L. Pranke (1999). 

The first part of an MSR mission, the way to Mars on a minimum energy transfer, 
has already been discussed. Assume that the spacecraft is already in a Mars orbit and 
is supplied with some material from the Mars surface that has been collected by use 
of a landing probe. Similar to the outbound part, it has to wait until the constellation 
between Mars and Earth allows for a return flight trajectory. For low-energy trans- 
fers, the Mars stay-time may reach values of more than one Earth year. Adding the 
transfer times, the total mission duration lasts for more than 2.5 years. The required 
Av for the return injection is lower than for the trans-Mars injection; however, one 
has to recall that with current technologies the necessary fuel mass must be 
imported to Mars. As shown in Fig. 7.15, for the low-energy transfer from a LEO 
to a Mars orbit and a direct flight back to Earth, a Av of about 8.2 km s -1 is needed. 
The Av needed for a launch from Earth, the Av for a launch from the Mars surface 
(about 4 km s" 1 ), and the Av for any rendezvous or trajectory correction maneuvers 
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Mission parameter (example) 




w @ launch from Earth orbit 


3.5 km/s 


Outbound time 


204 days 


\v lur riarb urun iiiberuun 


£.,£. Km/b 


Stay time 


553 days 


w @ Mars launch 


2.5 km/s 


Return time 


190 days 


Total mission time 


946 days 


Total w 


8.2 km/s 



Assumptions: 

- Trans-Mars Injection via launch from ISS-orbit 

- Mars Orbit Insertion in 500 km circular orbit 

- Direct Earth-entry upon return 




Mars at Earth 
departure 



Depart Mars 
13 May 2020 



Fig. 7.15 Typical low-energy scenario (Hohmann transfer) for an 
MSR mission. 



must be added to this value. Thus, even assuming a direct landing upon Earth 
return, which is extremely challenging because of the high return velocity, the 
overall Av needed for such a mission is in the best case about 20 km s -1 . This 
high overall Av value yields extremely low payload fractions , which could be returned 
to Earth (including the transfer vehicle with heat shield and other items). 

Using fast, high-thrust transfers as depicted in Fig. 7.16 is not really an alter- 
native for reducing the overall mission time, because the waiting time for the 



Mission parameter (example) 




av @ launch from Earth orbit 


5.8 km/s 


Outbound time 


120 days 


av for Mars orbit insertion 


6.2 km/s 


Stay time 


614 days 


av @ Mars launch 


3.8 km/s 


Return time 


120 days 


Total mission time 


854 days 


Total av 


15.8 km/s 



Depart Mars 
28 Feb 2016 

Assumptions: 

- Trans-Mars Injection via launch from ISS-orbit 

- Mars Orbit Insertion in 500 km circular orbit 

- Direct Earth-entry upon return 




Fig. 7.16 Typical scenario for a short transit time for an MSR 
mission. 
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Mission parameter (example) 




av @ launch from Earth orbit 

Outbound time 

av for Mars orbit insertion 

Stay time 

av @ Mars launch 

Return time incl. Venus swingby 



4.6 km/s 
188 days 
4.3 km/s 
40 days 
4.0 km/s 
340 days 



Depart Mars 
1 1 Apr 2008 



Mars at Ear^ 
\ departure 



Total mission time 
Total av 



568 days 
12.9 km/s 



Assumptions: 

- Trans-Mars Injection via launch from ISS-orbit 

- Mars Orbit Insertion in 500 km circular orbit 

- Direct Earth-entry upon return 



Fig. 7.17 Scenario for an MSR mission using a Venus 
gravity-assist maneuver for return. 

return launch window is enlarged. Thus, only a small amount of the return flight 
time can be saved. However, the required Av is dramatically increased, easily 
reaching values above 25 km s -1 . 

What about using gravity-assist maneuvers? This possibility exists, as illustrated 
in Fig. 7.17. The alternative of performing a swing-by maneuver at Venus could 
shorten the overall mission time, while the total Av requirement would be much 
lower than the high-thrust transfer, but nevertheless higher than a double low- 
energy Hohmann transfer (Fig. 7.15). However, the spacecraft would fly closer to 
the Sun than the orbit of Venus, which subsequently has an impact on the overall 
design, and especially on the thermal control system because of the higher solar 
radiation. 

From this brief discussion of potential Mars sample return mission scenarios it 
becomes obvious that orbital mechanics provide a variety of possibilities. However, 
it is also obvious that generally only very small payload fractions can be realized and 
that each scenario has some specific benefits and drawbacks. In addition, techno- 
logical issues not addressed here in detail must be taken into account, such as 
power supply, data processing, and communication requirements; automated 
guidance; navigation and control; system autonomy; entry, descent, and landing 
technologies; robotics and mechanisms; propulsion, etc. Thus, the payload mass 
used to calculate the payload mass ratio of a rocket (see Section 7.2) includes all 
spacecraft subsystems that are needed for survival and control of the science 
payload. Table 7.4 gives an overview of the subsystems of a spacecraft that are 
required to service the science payload. 

Finally, for potential biological payloads, planetary protection requirements, as 
discussed in Chapter 13, must be added, making the situation even more complex 
and challenging, but not unsolvable. 
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Table 7.4 Overview of typical spacecraft subsystems for 
servicing scientific payloads (e.g., scientific instruments). 



Spacecraft system 



Subsystems of spacecraft system 



Electrical power system (EPS) 



Structure and mechanism system (SMS) 



Thermal control system (TCS) 



Communication system (CS) 



Command and data handling (C&DH) 



Propulsion system (PS) 



Attitude and orbit control system (AOCS) 



Electrical power generation 

Conditioning, storage, and supply (e.g., solar 

generators, batteries, fuel cells, radio isotope 

generators, power control units) 

Electrical power regulation and distribution 

Carrying shock and vibration loads associated with 

acceleration during ground operation, launch, 

in-orbit operations, re-entry and landing 

Holding of payload, electronics, sensors, antennas, 

etc., in stable positions 

Protection against influences from space environ- 
ment 

Temperature control for all spacecraft components, 
e.g., batteries, electronics, propellant tanks, sen- 
sors, actuators, solar arrays, structures, etc. 
Passive thermal control systems via heat conduc- 
tion and radiation, e.g., radiators, coatings, multi- 
layer insulation (MLI), heat sinks, joint fillers, etc. 
Active thermal control systems, e.g., heat switches, 
active radiators, heat pipes, single- and two-phase 
fluid loops, electrical heaters, etc. 
Transmitters and receivers or transponders 
Antenna systems and antenna pointing 
Signal-to-carrier frequency modulation and multi- 
plexing, signal demodulation, etc. 
Payload data processing and recording 
Housekeeping and science data encoding and 
telemetry 
Error handling 

Signal decoding and telecommand handling and 
distribution to the appropriate devices 
Software and computer systems 
Thrusters (chemical, electrical) for launch, in-orbit 
insertion, orbit transfer, orbit and attitude mainte- 
nance, reentry and landing maneuvering, attitude 
control, etc. 

Fuel and oxidizer storage and handling 

Orbit determination and control 

Attitude determination and control = spacecraft 

stabilization in desired directions despite the 

disturbance torques, uses sensors and actuators 

(e.g., star trackers, sun sensors, magnetic actuators, 

momentum wheels, fly wheels, thrusters, etc.) 
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7.7 

Questions for Students 

Question 7.1 

Why is the Av ch capability of a single-staged rocket limited? 
Question 7.2 

What is the basic idea behind the "multi-stage" concept? 
Question 7.3 

Why is the Av needed for a Hohmann orbit transfer from a low earth orbit to a 
geostationary orbit higher than the Av needed to escape from Earth's gravitational 
field from low earth orbit? 

Question 7.4 

Why is it practically impossible to use electrical thrusters in the first stage of a 
rocket? 
Question 7.5 

Planetary gravity-assist maneuvers are usually performed in order to increase a 
spacecraft's velocity (energy) relative to the Sun. (a) Where does this energy come 
from? (b) Do you think that it is also possible to decrease the velocity relative to the 
Sun? If yes, how would you perform the maneuver? 

Question 7.6 

What fuel mass is needed in order to accelerate a mass of 200 kg (payload, 
structure, and motor mass) with a single-stage rocket (in a force-free environment) 
from zero to the triple exhaust velocity (3 c e )? 
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7.7 Questions for Students 

Question 7.7 

Calculate the orbit velocities and orbit periods of circular Earth orbits with the 
following altitudes H above the Earth's surface: 

H = r - R 0 = 200 km;, 500 km, 1 000 km, or 10 000 km 

What altitude would be needed for a geostationary satellite (note that a sidereal 
day is slightly smaller than 24 h, namely 23 h, 56 min, 4 s)? 
Note: 

Earth mass M E = 5.974 x 10 24 kg 

Gravitational parameter: yM E = 3.986 x 10 14 m 3 s~ 2 

Earth radius R 0 = 6.378 x 10 s m 

Question 7.8 

An unmanned spacecraft has been placed in a 500-km circular orbit around the 
Earth, (a) Calculate the Av budget needed for a Hohmann transfer from this orbit 
to a 600-km circular orbit in which a docking maneuver with a satellite could take 
place, (b) Calculate the necessary relative phase angle between the two spacecraft at 
the time of injection into the Hohmann transfer ellipse so that the docking 
maneuver can take place at the same time as the spacecraft reaches the final orbit. 
Notice that the transfer time of the Hohmann transfer is simply half of the orbital 
period for this orbit, (c) How much time will pass between two possible constella- 
tions? 

Question 7.9 

Discuss some of the requirements coming from a scientific payload that have 
influences on the design of the spacecraft subsystems listed in Table 7.4. 
Question 7.10 

Imagine that a potential scientific payload needs two times more electrical power 
than a competitive, but not so sophisticated, payload. What influences will occur to 
the design of the electrical power system (EPS), the thermal control system (TCS), 
the structure and mechanism system (SMS), and the attitude and orbit control 
system (AOCS)? 
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Astrobiology of the Terrestrial Planets, with Emphasis on Mars 

Monica M. Grady 



The planets of particular relevance to this chapter are the four rocky 
planets in the innermost region of the Solar System: Mercury, 
Venus, Earth, and Mars. Each of these planets has the potential, to 
a greater or lesser extent, to host life; in the case of Earth, this 
potential appears to have been fully realized. In this chapter these 
four rocky planets are examined and the relative likelihood of life 
evolving on Mercury, Venus, and Mars is assessed. Most emphasis 
will be placed on Mars because, after Earth, it seems to have the 
highest potential to host life. Besides observations by telescope and 
spacecraft, Martian meteorites are discussed as an additional way 
of exploring Mars. 



8.1 

The Solar System 

Our Sun and its planetary system are located approximately two-thirds of the way 
out along one of the arms of the (approximately 10-12 billion years old) Milky Way 
spiral galaxy. The Sun is sometimes described as an undistinguished star in an 
undistinguished neighborhood - it is a G class star surrounded by its family of 
planets and their satellites, plus asteroids and comets. Advances in understanding 
the processes that led to the formation of the Sun and Solar System have resulted 
from astronomical observations of star formation regions in molecular clouds and 
the recognition and observation of protoplanetary disks and planetary systems 
around other stars (see Chapter 2). If we wish to understand the processes by which 
life arose and became established on Earth, and whether there are possible 
locations beyond Earth where life might exist, then it is also necessary to under- 
stand the starting materials and processes that led to the formation of the Solar 
System. 

The first stage in the history of the Solar System was the collapse of an 
interstellar cloud: gravitational instability within the cloud resulted in collapse of 
a fragment of the molecular cloud to form a protoplanetary disk, or solar nebula. 

Complete Course in Astrobiology. Edited by Gerda Horneck and Petra Rettberg 
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
ISBN: 978-3-527-40660-9 
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The mechanism that triggered cloud collapse is not clear. Several possibilities have 
been suggested. Examples include a shock wave from a nearby supernova or the 
ejection of a planetary nebula from a giant star; but whatever the mechanism, the 
collapse of the cloud and subsequent accretion of material must have taken place 
over a relatively short time interval, around 1-3 million years, as deduced by 
measurements on meteorites. As the cloud fragment collapsed, dust grains fell 
towards the center of the nebula, clumping together to form increasingly large 
bodies. The growth of planet-sized bodies from micron-sized dust grains was 
controlled by several factors, such as the nature of the initial grains - whether 
fluffy or compact - and the degree of turbulence within the nebula. End-member 
models for planetesimal (small planet) formation include coagulation of material 
by gravitational instability in a quiescent nebula or coagulation during descent to 
the midplane of a turbulent nebula. The aggregation of interstellar dust (< 0.1 um 
in diameter), eventually forming kilometer-sized planetesimals and culminating in 
the asteroids and planets, took less than 30 million years following formation of the 
first solid materials. 

The inner, rocky terrestrial planets (i.e., Mercury, Venus, Earth, and Mars; Table 
8.1), formed sufficiently close to the proto-Sun that volatile elements were lost 
through vaporization and water did not condense to ice. Marking the boundary 
between the rocky planets and the outer gas giants is the asteroid belt. The 
asteroids are a swarm of several thousand planetesimals, the largest of which, 
Ceres, is about 1 000 km across; most asteroids are on the order of a few kilometers 
across. 



Table 8.1 Properties of the terrestrial planets and the Moon. 



Property 






Planet 








Mercury 


Venus 


Earth 


Moon 


Mars 


Mass (TO 24 kg) 


0.330 


4.87 


5.97 


0.073 


0.642 


Diameter (km) 


4879 


12 104 


12 756 


3475 


6794 


Density (kg m~ 3 ) 


5427 


5243 


5515 


3340 


3933 


Gravity (m s~ 2 ) 


3.7 


8.9 


9.8 


1.6 


3.7 


Escape velocity (km s -1 ) 


4.3 


10.4 


11.2 


2.4 


5.0 


Rotation period (h) 


1407.6 


-5832.5l a l 


23.9 


655.7 


24.6 


Length of day (h) 


4222.6 


2802.0 


24.0 


708.7 


24.7 


Distance from Sun (TO 6 km) 


57.9 


108.2 


149.6 


0.384 [bl 


227.9 


Perihelion (10 6 km) 


46.0 


107.5 


147.1 


0.363M 


206.6 


Aphelion (TO 6 km) 


69.8 


108.9 


152.1 


0.406l b l 


249.2 


Orbital period (days) 


88.0 


224.7 


365.2 


27.3 


687.0 


Orbital velocity (km s -1 ) 


47.9 


35.0 


29.8 


1.0 


24.1 


Orbital inclination (degrees) 


7.0 


3.4 


0.0 


5.1 


1.9 


Orbital eccentricity 


0.205 


0.007 


0.017 


0.055 


0.094 
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Property 






Planet 








Mercury 


Venus 


Earth 


Moon 


Mars 


Axial tilt (degrees) 


0.01 


177.4 


23.5 


6.7 


25.2 


Mean temperature (°C) 


167 


464 


15 


-20 


-65 


Surface pressure (TO 5 Pa) 


0 


92 


1 


0 


0.01 


Number of moons 


0 


0 


1 


0 


2 


Global magnetic field? 


Yes 


No 


Yes 


No 


No 



Source: NASA planetary fact sheet (http://nssdc.gsfc.nasa.gov/planetary/factsheet/index.html) 

a Negative numbers indicate retrograde (backwards relative to the Earth) rotation. 

b Values represent mean apogee and perigee for the lunar orbit. The orbit changes over the 

course of the year, so the distance from the Moon to Earth ranges roughly from 357 000 km 

to 407 000 km. 



The sequence of events that produced the innermost rocky planets from the 
protoplanetary disk also produced planets of an entirely different nature: the 
gas giants Jupiter, Saturn, Uranus, and Neptune. These planets probably started 
out in the same way as the terrestrial planets, as an accumulation of rocky 
material. Temperatures at this distance from the proto-Sun were sufficiently 
low that water ice would also accrete along with the dust; volatile elements would 
also be retained and not vaporized. Runaway accretion resulted in central cores 
that were sufficiently large to attract and retain significant masses of hydrogen 
(H) and helium (He) from the remaining nebula gas. Uranus and Neptune, 
however, have lower H and He and higher carbon (C), nitrogen (N), and oxygen 
(O) abundances than Jupiter and Saturn. It is thought that this indicates that 
Uranus and Neptune formed some time after Jupiter and Saturn, after the nebula 
gas had dissipated. 

Beyond the giant planets lies Pluto, the smallest planet in the Solar System, with 
a radius even smaller than that of the Moon. Beyond Pluto, at 30-50 astronomical 
units (AU), is the Kuiper Belt, an accumulation of rocky and icy bodies more akin 
to comets than asteroids. Pluto, indeed, may be a Kuiper Belt Object, rather than a 
planet. At the outermost reaches of the Solar System, in fact defining the boundary 
of the Solar System, is the Oort Cloud. While the Oort Cloud has never been 
directly observed, its existence is firmly supported by the orbital characteristics of 
long-period comets. Comets are icy dustballs, or dusty iceballs. They are compact 
aggregates of silicate dust and ices, within which organic compounds are trapped. 
Comets were formed at the outer reaches of the solar nebula, way beyond the 
"snowline" where water ice could condense. 
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8.2 

Terrestrial Planets 

8.2.1 
Mercury 

Little is known about the planet Mercury: there are very few images of it, and 
because those that are available were taken during a flyby mission, namely, by the 
Mariner 10 spacecraft in 1974, we have images of only one side of this planet (Fig. 
8.1). That situation will change in the coming decade, with both NASA's Mercury 
Surface, Space Environment, Geochemistry, and Ranging (MESSENGER) mission 
and ESA's BepiColombo mission orbiting the planet Mercury. (BepiColombo is 
named after Professor Giuseppe (Bepi) Colombo (1920-1984), a mathematician 
and engineer from the University of Padua, Italy. He was the first to see that an 
unsuspected resonance is responsible for Mercury's habit of rotating on its axis 
three times for every two revolutions it makes around the Sun. He also suggested to 
NASA how to use a gravity-assist swing-by of Venus to place the Mariner 10 
spacecraft in a solar orbit that would allow it to fly by Mercury three times in 
1974-1975). Mercury appears to be a highly cratered, gray, and lifeless body. It is a 
planet of extremes, in temperature and radiation. The dayside of this heavily 
cratered planet is baked and cracked by the heat of the Sun, with temperatures 
up to 450 °C, while the night side is bitterly cold, with temperatures as low as 
-180 °C. Its proximity to the Sun causes it to receive an incredibly high dose of 
radiation, and its lack of a significant atmosphere ensures that the radiation 
penetrates right down to the surface. 

The potential for Mercury to host life is very low but not completely negligible. 
Although the temperature range experienced at its surface is extreme, there are 
some regions where ice has been predicted, or observed, to occur. Radar images of 
the Polar Regions have been interpreted as showing the presence of water ice, and 
where there is ice there is the possibility of water and thus the possibility of life. In 
addition, the lack of tectonic activity on Mercury might allow organic molecules 
(delivered by comets and asteroids) to be preserved on the surface within the 



Fig. 8.1 South pole of Mercury, as photo- 
graphed by Mariner 10 in September 1974, 
showing bright craters that might contain 
water ice. The field of view is approximately 
1 000 km across, and was taken from a distance 
of 85 800 km. (Image copyright: NASA/JPL/ 
Northwestern University, Image No. PIA02941). 
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regolith. It is known from observations of extremophile microorganisms on Earth 
that there are some microbes that thrive in high-radiation environments (see 
Chapter 5). Indeed, there are some microorganisms that survive inside nuclear 
plants, and so the surface radiation of Mercury might hold no fears for such 
organisms. 

8.2.2 
Venus 

Venus is Earth's sister planet, the closest planet to us, and the two planets have 
many similarities: size, composition, an atmosphere, and a similar gravity 
(Fig. 8.2). But in reality, Venus is very different from Earth. Venus can be summed 
up in three words: hot, smelly, and windy. 

• Hot: the hottest surface in the Solar System, even hotter than 
Mercury, which lies much closer to the Sun. Temperatures at 
Venus' surface are about 460 °C. 

• Smelly: although Venus' thick atmosphere, which is about 90 
times thicker than the terrestrial atmosphere, is mainly carbon 
dioxide, it includes a very high percentage of sulfur dioxide. 

• Windy: the thick atmosphere moves rapidly as the planet 
spins. The atmosphere is the key to why Venus is so hot - it 
traps the Sun's heat, so Venus is an extreme example of a 
runaway greenhouse. 

Although the surface of Venus is unlikely to host life now, there has been spec- 
ulation by Schulze-Makuch and Irwin that life might have existed in the past, when 
the Sun was dimmer and cooler. The same authors have also speculated about the 
type of organisms that might be able to exist in the lower cloud levels today (for a 
critical discussion, see Chapter 6). Results from ESA's Venus Express mission, 
which arrived at Venus in April 2006, will yield more information about the planet. 



Fig. 8.2 False color global mosaic from the 
synthetic aperture radar instrument on the 
Magellan orbiter of the northern surface of 
Venus. The north pole is at the center of the 
image, with 0°, 90°, 180°, and 270° east longi- 
tudes at the 6, 3, 12, and 9 o'clock positions, 
respectively, of an imaginary clock face (Image 
No. PIA 00271 , courtesy of NASA). 
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8.2.3 
Earth 

To date, Earth is the only planet within the Solar System that seems to have reached 
its potential for hosting life. There is evidence of life all over the planet, in the most 
extreme of environments. The time at which life arose on Earth is not known. At 
some point in its formation, between 4.57 and 3.5 billion years ago, Earth had 
stabilized to the extent that there were three dynamically interacting reservoirs: the 
atmosphere, the lithosphere, and the hydrosphere. In addition, plate tectonics was 
taking place, with a mechanism of plate movement close to that in operation today. 
The atmosphere was mildly reducing in composition and was composed of gases 
including C0 2 and CH 4 (see Chapter 3 for more details). 

The presence of a biosphere at this early time is a matter of great debate: features 
within sediments that were interpreted as fossilized microorganisms have recently 
been reinterpreted as chemical traces, although there have been more recent 
reports of microbial biomarkers in 3.5-billion-year-old volcanic pillow laves (see 
also Chapter 1). Over the next billion years, the composition of Earth's atmosphere 
changed progressively. At around 2.3 billion years ago, the switch from a reducing 
to an oxidizing atmosphere became permanent, and the atmosphere had evolved to 
a composition closer to that observed today (see Chapter 6). 

The unambiguous establishment of life can be tracked through the fossil record, 
with the first appearance of macrofossils about 600 million years ago. In the time 
intervening between the emergence of life and the present day, microbes colonized 
every environment in which it is possible for life to survive. The conditions 
prevailing in these "habitable niches" include extremes of temperature, salinity, 
and other extremes and are taken to define a "biological envelope" within which life 
can survive, grow, and evolve (see Chapter 5). 

8.2.4 
Mars 

Mars is one of the key planets with a high potential for life. Like Earth, Mars is a 
rocky planet. It has a radius of approximately half and a mass around one-tenth that 
of the Earth; consequently, gravity on Mars is only about 40 % of that on Earth. Mars' 
atmosphere is also different from that of the Earth: it is much thinner, around 
600 Pa (6 mbar), compared with 10 5 Pa (1 000 mbar), and consists of predominantly 
carbon dioxide (about 95% C0 2 ) rather than nitrogen (N 2 ). The thin atmosphere 
provides the Martian surface with little protection from heat loss; thus, the average 
daily temperature is around -60 °C. Temperatures may reach +30 °C at the equator 
during daytime in summer and fall to -130°C at the poles in winter. 

8.2.4.1 Observing Mars 

There have been many observations of Mars, by a variety of instruments and 
techniques, and we are currently experiencing an unparalleled period of Martian 
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exploration. One of the earliest scientific observers of Mars was Giovanni Schia- 
parelli. In 1882 he described canali, an Italian word meaning channels, and went on 
to give detailed descriptions of linear features on Mars' surface. The most direct 
translation of canali in English is canal, implicating that the features were artificial, 
i.e., had been made by Martians. An observer in America, Percival Lowell, spent a 
great deal of his time at the beginning of the 20 th century trying to show that there 
was a very large network of interconnecting canals on Mars. The most recent 
observations of Mars by telescope have been made by the Hubble Space Telescope 
(HST), which in 2001 produced detailed images showing the polar caps and the 
main features of the planet. When the HST image is matched to the maps 
produced by Schiaparelli in 1882 and Lowell in 1907, it becomes apparent that 
the earlier observers were, in fact, mapping areas of dust, not channels. 

It was not until the 1960 s that spacecraft visited Mars, enabling further 
advances in understanding the features of the planet's surface. Mariner 4, in 
1965, and Mariner 6 and Mariner 7, in 1969, were flyby missions that recorded 
images of craters. Those missions also provided the first evidence that there were 
no artificial canals on Mars. The first clear pictures of the Martian surface came 
from Mariner 9, a spacecraft that orbited the planet for almost a year from 1971 to 
1972. These first pictures of the surface of Mars from orbit showed in very great 
detail the channels and features that are now interpreted as river valleys. As of 
April 2006, there were four spacecraft in orbit around Mars: Mars Global Surveyor 
and Mars Odyssey (both NASA missions) and Mars Express (an ESA mission). Mars 
Reconnaissance Orbiter, launched by NASA in August 2005, arrived in the vicinity 
of Mars in March 2006 and will commence science operations in November 2006. 
Orbiting the planet yields information on a global scale; more detailed local 
information is gained from landing craft on the surface and making measure- 
ments in situ. 

The first probes to land on Mars were Viking 1 and Viking 2 in 1976, followed by 
Pathfinder in 1997. There are two landers that, at the time of this writing (May 
2006), are still in operation: NASA's Mars Exploration Rovers (MERs) Spirit and 
Opportunity. The two rovers have been in operation for one Martian year, which is 
equivalent to about two terrestrial years (1 Martian year lasts 687 days). They have 
returned detailed images and chemical analyses of the Martian surface. All of the 
landing sites are within about 15 °N and 15 °S of the Martian equator, but across a 
range of longitudes. 

Much has been learned about Mars from telescope and spacecraft observations. 
But there is an additional way of exploring Mars that employs the highly precise 
instrumentation of the laboratory-based astronomer. There is a group of 37 
meteorites that have come from Mars, and laboratory-based study by microscope 
and other instruments has yielded information on the thermal, fluvial, and atmos- 
pheric history of the planet. One of the most important pieces of information that 
came from these studies is an absolute chronology for Martian specimens (see 
Section 8.2.5). 

Given that Mars formed from the same starting materials as Earth, and that it 
also suffered bombardment by comets delivering water and organic compounds 
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throughout the Solar System, Mars is thought to have a high potential for support- 
ing life. In the following sections, evidence will be considered that the planet has 
been molded by fluvial and thermal processes, such that water and heat are, or have 
been, important in Mars' history. 



8.2.4.2 Evidence for Water 

Since Mariner 4 in 1965, there have been more than 30 missions to Mars, 
experiencing greater or lesser success (see Chapter 13, Table 13.5). This fascination 
with Mars comes from its potential for hosting life that is based on abundant 
evidence of water on Mars. Ever since Schiaparelli observed his canali, we have 
known about channels on Mars. Satellite images of the surface of Mars have shown 
many features that have been interpreted as having been produced by water: 
images from all of the orbiting spacecraft from Mariner 9 onwards show networks 
of channels cutting the Martian surface. Some of the channels appear to be narrow 
and deep, while others are broader and flatter (Fig. 8.3). They show all the features 
exhibited by rivers on Earth at different ages. Older rivers on Earth meander across 
flat plains, producing features such as cutoff lakes and terraces; these too can be 
seen on images from Mars. Large-scale evidence for a frozen sea has also been 
published, and it is thought that ice below the surface covered with dust created the 
features (Fig. 8.4). Further indication of subsurface ice has come from results from 
the MARSIS radar instrument on Mars Express. 

The past five years have seen a dramatic increase in the number, resolution, and 
quality of images and compositional data from Mars' surface returned by both 
orbiting satellites and rovers. One result of these data has been a gradual change in 
our perception of the fluvial history of Mars. The paradigm for many years was the 
"warmer and wetter" scenario, in which water was stable over vast areas of Mars' 
surface, implying a thicker atmosphere and warmer temperatures during past 
epochs. It is now thought to be more likely that, apart from the very earliest period 
(the Noachian epoch, approximately the first 500 million years), Mars has been cold 



Fig. 8.3 Martian river valley; part of the Reull 
Vallis, east of the Hellas Basin (41 °S, 101 °E) 
taken from a height of 273 km by the High- 
resolution Stereo Camera (HRSC) on Mars 
Express. The area is 100 km across; north is 
at the top (Image credit: ESA/DLR/FU Berlin, 
G. Neukum). 
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Fig. 8.4 Martian sea; part of the Elysium 
Planitia near the Martian equator (5°N; 150°E) 
taken by the HRSC on Mars Express. The area is 
a few tens of kilometers across (Image credit: 
ESA/DLR/FU Berlin, G. Neukum). 

and dry for much of its history, with transient fluvial events, often short-lived 
catastrophic flooding, triggered by increases in magmatic activity. 

Under a warmer-and-wetter regime, with pervasive and persistent bodies of 
standing water, there would be an extended hydrological cycle in operation. In 
contrast, a "cold and dry" climate for most of Mars' history would curtail any 
hydrological cycle. The difference between the two climate models is of great 
significance for the potential evolution of life on Mars. 

Water alters the surface mineralogy of Mars: water-soluble salts are precipitated 
as evaporites (typically minerals such as anhydrite, gypsum, and carbonates) and 
primary silicate minerals are hydrated and altered to clay minerals and hydroxides. 
Such secondary alteration products have been identified by instruments onboard 
NASA's Odyssey orbiter (the thermal emission spectrometer [THEMIS] and the 
gamma-ray spectrometer [GRS]) and onboard ESA's Mars Express orbiter (the 
Observatoire pour la Mineralogie, l'Eau, les Glaces et l'Activite [OMEGA] and 
the Mars Express subsurface sounding radar altimeter [MARSIS]), as well as by 
direct analysis of Martian rocks and soil. Data from the GRS on Odyssey have shown 
that there are regions of Mars where H, assumed to be bound as water, is abundant. 
There is a high concentration of H at the poles from water ice in the polar caps. But 
there are also high concentrations of H around mid-latitudes and high northern 
latitudes. Those concentrations are thought not to be from water as ice but instead 
from water bound within minerals. This observation has been confirmed by data 
from the OMEGA instrument on the Mars Express orbiter, allowing the construc- 
tion of a relative chronology for the formation of secondary minerals from different 
weathering regimes on Mars. 

Additional evidence for alteration of the surface by water has come from the 
findings of NASA's MERs Spirit and Opportunity. The rovers have been exploring 
two different parts of the surface of Mars for a Martian year. Spirit landed in Gusev 
Crater, a shallow, flat-lying crater. As it explored the surface of the crater, it found 
sharp angular fragments of rock littering the surface. Opportunity landed in 
Meridiani Planum, some thousands of kilometers to the east of Spirit's landing 
site. The panoramic camera aboard Opportunity acquired a panorama of the Payson 
outcrop on the western edge of Erebus Crater (Fig. 8.5). From the vicinity at the 
northern end of the outcrop, layered rocks are observed in the crater wall, which is 
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Fig. 8.5 Panorama of the "Payson" outcrop on the western 
edge of Erebus Crater acquired by the panoramic camera aboard 
NASA's Mars Exploration Rover (MER) Opportunity (Image 
caption and credit: NASA/JPL-Caltech/USGS/Cornell). 



about 1 m thick. Some of those rocks had been disrupted by the crater-forming 
impact event and subjected to erosion over time. Closer examination of those rocks 
has shown them to contain small spherules. These spherules weather out of the 
rock and are present on the surface. It is thought that they were produced by the 
action of water. They are weathering and evaporation products. The Mossbauer 
spectrometer (see Chapter 12) on the rover Opportunity found the hydrated sulfate 
mineral jarosite present in the soil, showing that the rocks at Meridiani Planum 
had been altered by water. 



Fig. 8.6 The complex caldera at the summit of 
Olympus Mons (18.3°N; 227°E) with a depth of 
about 3 km. The image was taken from a height 
of 273 km by the HRSC on Mars Express. The 
image is about 100 km across; south is at the 
top (Image credit: ESA/DLR/FU Berlin, G. 
Neukum). 
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8.2.4.3 Evidence of Heat 

As well as evidence of fluids on the surface of Mars, there is a great deal of 
evidence from satellite imagery that Mars has had a significant thermal history. 
Mars has a core-mantle structure similar to that of Earth, but it seems to have a 
rigid crust rather than the more flexible plate structure of the Earth, although 
recent results from the magnetometer on NASA's Mars Global Surveyor indicate 
evidence for limited tectonic spreading. This is shown by the presence, in the 
Tharsis region in the western hemisphere of Mars, of a cluster of enormous 
volcanoes, now presumably extinct. The largest of these volcanoes is Olympus 
Mons, which is the biggest volcano in the Solar System. It is approximately three 
times higher than Mount Everest and the area of the volcano would cover that of 
England plus Wales. 

The presence of these volcanoes indicates that an enormous amount of molten 
rock or magma has erupted onto the Martian surface at times in the past. High- 
resolution images from the Mars Express camera show that Olympus Mons has a 
complex crater, indicating that magma was erupted in several different episodes. 
As Fig. 8.6 shows, there are complex fault structures on the crater floor, formed 
following eruption as the remaining rock in the underlying magma chamber 
cooled and solidified. There are four other smaller craters within the large crater 
area, indicating at least five periods of eruption. 

8.2.5 

Meteorites from Mars 

As detailed in Section 8.2.4, much about Mars can be learned through studying the 
planet by telescope and spacecraft instrumentation. There is a third set of obser- 
vations of Mars, complementary to those made by remote means: data acquired 
through laboratory analysis of Martian meteorites. Before detailing the under- 
standing we have gained about Mars from Martian meteorites, it will be explained 
how we know that the meteorites do indeed come from Mars. 

8.2.5.1 Why from Mars? 

The meteorites in question were grouped together as the SNCs (after the type 
specimens of the three original groups, Shergotty, Nakhla, and Chassigny). In the 
following sections, these meteorites will be referred to as the SNCs until all the 
evidence surrounding their origins is detailed. 

The first clue that the SNCs were not conventional asteroidal meteorites came 
from their age. The asteroids formed at the same time as the Solar System, some 
4 570 million years ago. The SNCs have much younger crystallization ages (as 
young as 165 million years old), implying that they cooled and solidified after the 
bulk of the Solar System formed. In other words, they came from bodies that were 
still partially molten or still producing molten rock at least 165 million years ago. In 
order for molten rocks to exist on a body, the body must be very large, i.e., planet- 
sized. Thus, the SNCs come from a planet, not the asteroid belt. They do not 
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originate from comets or Kuiper Belt Objects (including Pluto), which are assumed 
not to have melted. 

Therefore, the SNC meteorites must have come from a planet, but which planet? 
Although the giant planets have rocky cores, Jupiter and Saturn are mainly gas and 
Uranus and Neptune are mixtures of gas and ice; the rocky cores are so deep below 
the thick atmospheres that it is unlikely that the meteorites came from the giant 
planets. It is also unlikely that the meteorites came from the satellites of those 
planets, because anything removed by impact would be captured by the giant 
planets themselves. On the basis of dynamical impossibility, the planets Jupiter, 
Saturn, Uranus, and Neptune, and their satellites, are rejected as potential source 
objects of these meteorites. 

Moving to the innermost part of the Solar System, Mercury is a rocky planet very 
close to the Sun. It is very heavily cratered and thus it is clear that its surface is 
frequently struck by asteroids; it is equally clear that material would be able to 
escape from Mercury's small gravitational field. However, the proximity of Mer- 
cury to the Sun implies that much of the material leaving the Mercurian surface 
would be pulled straight into the Sun. There is, however, a small but finite 
probability that some material could leave Mercury and be ejected outwards 
from the Sun towards the Earth. There was a suggestion that the unusual basaltic 
meteorite NWA Oil might be from Mercury, because this meteorite has an oxygen 
isotopic composition different from any other meteorite group, but the suggestion 
has been neither verified nor taken seriously by meteoriticists. 

In contrast to Mercury, Venus is a large planet (about the size of Earth) and has a 
very thick atmosphere (about 90 times thicker than Earth's). It is energetically very 
difficult to remove material from the Venusian surface by impact. For an asteroid 
to hit the surface of Venus, it must have sufficient energy to penetrate through the 
very thick atmosphere without being fully ablated in order to leave sufficient 
material available to create an impact crater on the surface. Following crater 
formation, impact ejecta would have to have sufficient energy to travel back 
through Venus' thick atmosphere and still maintain sufficient energy to escape 
from Venus' deep gravitational well. So, as in the case of Mercury, there is a small 
but finite chance of material being removed from Venus and impacting on the 
Earth. In fact, because Mercury is a small, atmosphere-less body, the probability of 
removing material from Mercury's surface is greater than acquiring material from 
Venus. Even so, it is not possible to discount Mercury and Venus as sources of the 
SNCs, although, as will be shown later, there is more compelling evidence that 
eliminates them as source objects. 

This logically leaves only three bodies as potential parents of the SNC meteorites: 
the Earth, its Moon, and Mars. First, we will consider the Earth-Moon system. The 
Moon was long thought to be a possible source of meteorites. The Moon is cratered 
and, like Mercury, is a small and airless body. Objects that impact the Moon could 
produce craters from which material is readily ejected and, given the nearness of 
Earth, fall on the Earth. But the Apollo and Luna samples returned directly from the 
Moon are so different in age and composition from the SNCs that the latter cannot 
be from the Moon. However, lunar meteorites do exist, and the first one was 
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recognized in 1983. The name of this meteorite is ALHA81005; it was collected in 
the Allan Hills region of Antarctica in 1981. Analysis of ALHA81005 showed, 
without dispute, that the object came from the Moon. Its mineralogy, mineral 
chemistry, and isotopic composition, and the gases trapped inside it, were identical 
to similar measurements made on the Apollo samples brought back from the Moon 
by astronauts in the 1970 s. There are now almost 50 lunar meteorites, and they are 
completely different from the SNCs. They are brecciated and rich in plagioclase, 
and all have ancient ages similar to the Apollo samples. 

If not from the Moon, could the meteorites have come from Earth? We know the 
Earth is cratered, although many of the craters are hidden by vegetation or have 
been removed through plate tectonics and crustal recycling. It is easy to picture an 
asteroid impacting Earth's surface and ejecting material. Perhaps this material did 
not have quite sufficient energy to escape from Earth's gravitational well and fell 
back to the surface, acquiring a fusion crust on the way and appearing as a 
meteorite. However, origin as a terrestrial rock can be eliminated on the grounds 
of the oxygen isotopic composition of the meteorites. Oxygen has three isotopes: 
16 0 (the major isotope), ly O, and ls O. On a three-isotope plot, all terrestrial 
materials that contain oxygen have an isotopic signature that falls on a specific 
line, the terrestrial fractionation line (TFL). As Fig. 8.7 shows, the TFL is well 
defined, and the SNCs have oxygen signatures that do not fall on that line. This 
does not tell us where these meteorites came from, but it does tell us where they did 
not come from. 

On the basis of oxygen isotopic composition, the SNCs did not come from Earth. 
The pattern of variation in the oxygen isotopic signature of the rocks, however, is 
similar to that of terrestrial rocks. In other words, they are spread out along a 
straight line that has a slope parallel to that of the TFL. This means that these rocks 
came from a single body, and that body is not Earth. It also is not the Moon, it is 
probably not Mercury or Venus, and it is certainly not the asteroids, nor Pluto, 
Jupiter, Saturn, Uranus, or Neptune. That leaves only one body: Mars. 

On the basis of this negative deduction, the meteorites came from Mars. 

The specific observations that linked SNC meteorites to Mars came with analysis 
of gases trapped within one of the samples, the Antarctic meteorite named 
Elephant Moraine (EET) A79001. This meteorite contains inclusions of black glass 
scattered throughout its mass. The glass was formed by shock melting of mineral 




Fig. 8.7 Oxygen isotopic composition of 
SNC meteorites (filled symbols) compared with 
the TFL. The data appear to fall along a single 
fractionation line parallel to the TFL; this line is 
labeled as the Martian Fractionation Line (after 
Franchi et al. 1999). 




grains, presumably during the impact event that lofted the meteorite from the 
surface of its parent body. Analysis of gas trapped within the glass during the 
impact shock showed that it was identical in composition to that of the atmosphere 
on Mars, as measured by the Viking landers in 1976 (Fig. 8.8). The only way that 
this could happen is if EET A79001 came from Mars. Based on their oxygen 
isotopic composition, all the other SNC meteorites came from the same parent 
as EET A79001; therefore, they too must have come from Mars. 



8.2.5.2 What can we Learn About Mars from Martian Meteorites? 

The 37 different Martian meteorites are subdivided into four main groups. Collec- 
tion of additional Martian meteorites from Antarctica and the Sahara Desert has 
extended the number of subgroups to five. The subgroups are rocks that formed in 
different locations at or below the Martian surface. The groups have different 
mineralogies and chemistries and cannot all have come from a single impact event. 
At least three craters, with minimum diameters of about 12 km, are required to 
produce the variety of Martian meteorite types. Measurements made on Martian 
meteorites complement data obtained from spacecraft exploration of Mars, and 
until we have a mission that returns material directly from Mars, these meteorites 
are the only objects that we have to help us understand Martian geology, in addition 
to in situ investigations by Martian rovers. 

The largest of these groups of Martian meteorites is the shergottites, after the 
type specimen Shergotty, which is subdivided into three subgroups. 



8.2 Terrestrial Planets | 217 

The basaltic shergottites are fine-grained cumulate rocks composed of almost 
equal amounts of clinopyroxene and plagioclase. The plagioclase has been con- 
verted, by shock, to maskelynite glass. Alignment of the minerals indicates that the 
rocks originated in a lava flow. 

The Iherzolitic shergottites are also cumulates but are more coarse-grained than 
the basaltic shergottites, indicating a slower cooling rate; they formed deeper below 
the Martian crust than the basaltic shergottites, and their terrestrial equivalent 
would be a peridotite. The main silicate is orthopyroxene, enclosing olivine grains, 
with minor plagioclase. 

The olivine-phyric shergottites are composed of large olivine and orthopyroxene 
grains set in a finer-grained clinopyroxene matrix. They are thought to be from 
olivine-saturated magmas that were parental to those from which basaltic shergot- 
tites crystallized. 

All three subgroups of shergottites have crystallization ages of 165-450 million 
years. However, it has been discussed that this age in fact could be an alteration age 
caused by reaction of surface fluids with the rocks. This is still a topic for discussion 
and research. At least two cratering events ejected shergottites from Mars into space; 
these events happened in much more recent times, 0.5-3 million years ago. 

The second main group of Martian meteorites is that of the nakhlites, named for 
their type specimen Nakhla. Their dominant minerals are the silicates augite and 
olivine, which are altered to clay minerals along cracks and fractures. The nakhlites 
are almost unshocked rocks that formed at or near the Martian surface in a thick 
flow. They solidified from melts about 1.3 billion years ago and were ejected from 
the planet about 10-12 million years ago. The meteorites have been altered by 
weathering on Mars' surface, leading to the production of secondary minerals, e.g., 
clays, carbonates, and sulfates, which are associated with low concentrations of 
Martian organic material. It has thus been suggested that nakhlites might contain 
evidence for a Martian biosphere. 

The recognition of complex assemblages of salt (halite) with carbonates and clay 
minerals in nakhlites has allowed interpretation of the scale and mode of fluid flow 
on the surface of Mars. Results from the nakhlites imply that when water was 
present on the surface, it was warm and briny and restricted in flow. In other 
words, it might have been locked in enclosed basins that occasionally overflowed in 
episodes of flash flooding. 

The third group of Martian meteorites is the chassignites, named for the type 
specimen Chassigny. The mineralogy of the chassignites is different from that of 
the nakhlites and the shergottites. They are highly shocked olivine cumulates; if 
they were terrestrial rocks, they would be described as dunites. Like the nakhlites, 
the chassignites have a crystallization age of 1.3 billion years, implying some 
relationship between the two groups. 

The final subset of Martian meteorites is composed of a single member, Allan 
Hills 84001. This unusual meteorite is predominately composed of orthopyroxene. 
It is riddled throughout with millimeter-sized patches of rimmed carbonates, 
showing that although this is an igneous rock, like the nakhlites, it too has suffered 
aqueous alteration. It is the oldest of all the Martian meteorites, having crystallized 
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about 4.5 billion years ago, and has had a long and complex history of shock and 
thermal metamorphism. Because few hydrated minerals - such as those found in 
clays on Earth - have been identified among the alteration products in ALH84001, 
it has been proposed that the carbonates were produced at the surface of Mars in a 
region of restricted water flow, such as an evaporating pool of brine. 

The seven groups of Martian meteorites are all igneous rocks, and from them we 
can learn about processes on Mars. There are three types of information we can 
gain from these rocks. The first is information about primary magmatism on Mars: 
the meteorites are igneous rocks, and they have crystallized from the flows of 
Martian volcanoes or within subsurface magma chambers. Therefore, studying the 
composition and mineralogy of these rocks helps us to understand the temperature 
and mode of volcanism on Mars. 

The secondary alteration products in these meteorites help us to learn about fluid 
flow on the surface of Mars. Particularly in ALH84001 and in the nakhlites, the 
complex assemblages of secondary minerals shed light on the temperature and 
salinity of the water that flowed across Mars' surface. The zoned nature of some of 
the minerals tells us how fluid composition has changed, either in terms of 
temperature or in terms of the salts dissolved in the fluid. The restricted nature 
of some of these alteration assemblages also indicates the restricted nature of that 
fluid flow (perhaps fluid that was combined to an evaporating basin rather than to a 
river or a stream). 

The third type of information that we can gain from Martian meteorites is 
associated with shock. The shergottites and the chassignites are shocked meteor- 
ites, and they contain patches of the glass maskelynite formed by the conversion of 
plagioclase during shock melting and quenching. Trapped within these melt 
pockets is Mars' atmosphere; as outlined above, this was the clue that finally 
confirmed the Martian origin of these rocks. By looking at Martian meteorites of 
different ages and at the gas trapped in the rocks of different ages, it is possible that 
we might be looking at samples of Mars' atmosphere trapped at different times. It 
is also possible that we might be able to trace the evolution of Mars' atmosphere by 
looking at these pockets of gas. 

8.2.5.3 Microfossils in a Martian Meteorite? 

The observation that at least one of the SNCs, EETA79001 (a specimen found in the 
Elephant Moraine region of Antarctica in 1979), contained indigenous, i.e., Mar- 
tian, organic material associated with carbonate minerals sparked a debate on the 
possibility of Martian meteorites containing evidence for extraterrestrial life. In 
1994 this work was followed by the discovery of similarly enhanced levels of organic 
carbon in close association with carbonates in a second Antarctic Martian meteor- 
ite, ALH84001. 

ALH84001 became a further focus of interest in 1996 when a team of scientists 
led by David McKay of NASA's Johnson Space Center in Houston reported the 
description of nanometer-sized features within carbonate patches in ALH84001 
and claimed to have found evidence of primitive "fossilized Martian biota." Iden- 
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tification of the features as nanofossils remains controversial because much of the 
evidence is circumstantial and relies on the coincidence between a number of 
otherwise unrelated characteristics of the meteorite, particularly the association of 
organic materials with carbonates. One specific aspect of the claim was that within 
the carbonates were tiny grains of magnetite, which seemed to form chains. Those 
chains of grains were interpreted as being reminiscent of traces from magneto- 
tactic bacteria. However, other scientists have argued that these grains of magnetite 
are natural products within the meteorite and are not connected at all with any type 
of bacterium. Indeed, the formation conditions of both the carbonate and magnet- 
ite, the relevance of the organic compounds, and the interpretation of the mor- 
phology of the "nanofossils" have all been subject to detailed investigation by 
several groups of scientists. 

More recently, the same team investigated carbonaceous features in Nakhla that 
they have posited might have a biological origin. Although many members of the 
scientific community are skeptical about interpretation of the structures in 
ALH84001 and Nakhla, discussion of the features has stimulated an enormous 
amount of interest in the possibilities of life on Mars. 

8.2.6 

Can We Detect Signatures of Life on Mars? 

Whether or not the features in the Martian meteorites are remnant fossilized 
Martian bacteria, the debate has highlighted one of the difficulties of searching 
for fossil microorganisms on any planet, including Earth. The most ancient fossil 
life on Earth was, until recently, thought to be microfossils of the Apex chert in 
western Australia. However, recent work has reinterpreted these structures as non- 
biological. The point I am trying to make here is that on Earth one can return to the 
locality from which the microfossils were collected and obtain fresh material; one 
can study them in situ and in the context of the rocks and geology around them. 
One can use every technique available to analyze these features, but still one cannot 
say for certain whether they are biological or not. Thus, relying on the morphology, 
the appearance only, of microfossils, whether on Earth or on Mars, is not going to 
deliver the definitive answer of how to detect life. 

So how should and how could one detect life on Mars? There was an instrument 
on the recent unfortunate Beagle 2 lander (see Chapter 12) that would have 
performed the type of experiment that would help us understand whether life 
was present on Mars. The Gas Analyze Package (GAP) was a mass spectrometer on 
the Beagle 2 lander; it was constructed to determine the isotopic composition of 
carbon in Mars's soil. The experiment would have taken a small chip of rock and 
heated it up slowly in the presence of oxygen (O); O would burn carbon (C). The 
temperature at which C burns gives information on the type of component present, 
whether it is a simple organic molecule or is more complex, whether it is a 
carbonate or is carbon trapped or dissolved in primary magmatic minerals. By 
looking at the speciation of C and its isotopic composition, GAP would have made 
the measurements that would allow us to build up a C cycle for Mars. We would 
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have been able to put limits on the different reservoirs on Mars' surface and assess 
whether or not there was evidence for life on Mars. 

One of the next chances for detecting signatures of life on Mars will be with the 
European mission ExoMars, to be launched in 2013 (see Chapter 12). The ExoMars 
rover will carry a comprehensive suite of analytical instruments, including the 
Pasteur payload, dedicated to searching for signs of past and present life on Mars, 
especially in subsurface samples, by a suite of coordinated investigations. 

8.2.7 

Conclusions: Life Beyond Earth? 

To summarize, we have not yet found life (extant, dormant, or extinct) on Mars, or 
any evidence that it arose on Mars. There are several missions planned to Mars in 
the coming decade, but we do not know whether any one of them will be successful 
in finding life on Mars. Looking at the astrobiology of the terrestrial planets, it has 
been shown that Mars is indeed, at least within the rocky inner planets, the best 
place other than Earth to look for life. 

Other targets to be considered in astrobiology are the non-terrestrial planets, or, 
more specifically, their satellites. Titan, the biggest moon of Saturn, has been 
described as a laboratory for prebiotic Earth, and results from the recent Huygens 
probe have confirmed that interesting chemistry is certainly occurring there (see 
Chapter 9). Results from the Cassini mission have indicated that Enceladus seems 
to have water, and Europa, one of Jupiter's Galilean satellites, was identified as 
probably possessing a subsurface ocean (see Chapter 10). The possibilities of life 
beyond Mars are discussed in other chapters within this book. 
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8.4 

Questions for Students 

Question 8.1 

Outline the main reasons that the meteorite EET A79001 is believed to come 
from Mars. 
Question 8.2 

Why is Mars thought to be a possible place to search for life? 
Question 8.3 

What can we learn about Mars from Martian meteorites? 



Astrobiology of Saturn's Moon Titan 

Frangois Raulin 



The chapter presents the astrobiological case for Titan, the largest 
satellite of Saturn. Besides Jupiter's moon Europa, Titan appears to 
be the most interesting body for astrobiology in the outer Solar 
System because it has an active prebiotic-like chemistry, but liquid 
water is absent on its surface. This chapter starts with a description 
of the general properties of Titan and models of its formation and 
internal structure. Emphasis is placed on the astrobiological as- 
pects, which are based on spacecraft observations, above all the 
recent Cassini-Huygens mission, on laboratory experiments sim- 
ulating the atmospheric conditions of Titan, and on photochemical 
modeling. On the basis of those data, current astrobiological as- 
pects of Titan are considered with regard to analogies with the early 
Earth, extraterrestrial organic (even prebiotic-like) chemistry, and 
possibilities for life. 



9.1 

Extraterrestrial Bodies of Astrobiological Interest 

The following are different types of extraterrestrial bodies of prime interest for 
astrobiology: 

• planetary bodies where life may be present, either extinct or 
extant, 

• other bodies where a complex organic chemistry is taking 
place, and 

• bodies that may show some similarities with our own planet 
Earth, particularly the early Earth, before the emergence of 
life. 

The best examples of the first category are our neighbor planet Mars (see Chapter 
8) and Europa, one of the Galilean satellites of Jupiter, because of its potential for 
an internal water ocean (see Chapter 10). In fact, with the exception of Io, the 
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Fig. 9.1 Possible internal structure of the four Galilean satellites 
(adapted from NASA/JPL). 



majority of the Galilean satellites seem to have a water ocean in their internal 
structure (Fig. 9.1) and thus are of interest for astrobiology. Recent data, provided 
by the infrared (IR) spectrometer of the Cassini-Huygens mission, identified 
Saturn's moon Enceladus as a body of high astrobiological interest. The temper- 
ature at its south pole is very high, comparable to that of the Earth, and may allow 
the presence of liquid water on its surface. 

Comets and carbonaceous meteorites are the best example of the second category 
(see Chapter 3). Titan, the largest satellite of Saturn and the only satellite in the 
Solar System having a dense atmosphere (Fig. 9.2), combines all three aspects. 



Fig. 9.2 Mosaic of Titan's surface from images 
taken by the narrow-angle camera of the Cassini 
spacecraft. The large bright-white area is called 
Xanadu. The resolution is about 1.3 km per 
pixel (image credit: NASA/J PL/Space Science 
Institute). 
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Therefore, Titan is considered one of the most interesting bodies of the Solar 
System with regard to astrobiology. 

Many data have been obtained and are still expected from the Cassini-Huygens 
mission, a cooperative project of the U. S. National Aeronautics and Space Admin- 
istration (NASA), the European Space Agency (ESA), and the Italian Space Agency 
(ASI). Future astrobiological exploration missions to Titan are under considera- 
tion. With an active organic chemistry, but in the absence of permanent liquid 
water on the surface, Titan already looks like another world: a natural laboratory for 
prebiotic-like chemistry. 

9.2 

Some Historical Milestones in the Exploration of Titan 

On 25 March 1655, the Dutch astronomer Christiaan Huygens (1629-1695), with 
his newly constructed 2-inch diameter lens of 12-foot focal length (providing a 50 
magnification), was observing Saturn and detected an enigmatic prominent object, 
three minutes of arc away from the giant planet. By continuing the observation over 
several nights, he noted that this object was following Saturn's trajectory. He thus 
deduced that it was a moon of Saturn. He was even able to calculate that this satellite 
orbits its planet within 16 terrestrial days. Much later, in 1847, this largest moon of 
Saturn was named "Titan" by John Herschel (1792-1871). According to the Roman 
mythology, Titan is one of the siblings of Saturn, the god of agriculture. 

While observing Titan in 1908, the Spanish astronomer Jose Comas-Sola (1868- 
1937) reported seeing limb darkening around the disk of the satellite. This 
observation suggested the presence of an appreciable atmosphere around Titan. 
However, this report was received with skepticism within the scientific commun- 
ity, because Comas-Sola had reported similar observations for most of the Galilean 
satellites. Finally, his conclusion was taken seriously into consideration by the 
British astronomer James Jeans (1877-1946). 

Jeans, author of the theory of thermal atmospheric escape, carried out a math- 
ematical study of the possible escape of an atmosphere from planetary bodies. He 
determined that a body like Titan can keep a substantial part of its atmosphere, 
despite its relatively small size (with a diameter on the order of 5 000 km), if the 
temperatures of its environment are low enough (ranging from about 60 K to 
100 K). More precisely, the escape rates for all species with a molecular mass 
exceeding about 16 Da will be very small at those low temperatures. 

In the winter of 1943-1944, the American- Dutch astronomer Gerard Pieter Kuiper 
(1905-1973) observed Titan from the 82-inch McDonald Observatory (Mount Locke, 
Texas) using photographic emulsions sensitive up to the near infrared (0.7 |im). He 
obtained a spectrum showing the absorption bands of gaseous methane (CH 4 ). This 
was the confirmation that Titan indeed has an atmosphere, and it demonstrated that 
this atmosphere includes methane as one of its constituents. Kuiper was even able to 
calculate the abundance of methane and derived from his observations that the 
partial pressure of methane at Titan's surface should be about 0.1 bar (100 hPa). 
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The presence of methane in the gaseous phase was confirmed later on by many 
observations from ground-based telescopes, before the Titan flyby maneuvers of 
NASA's Pioneer 1 1 spacecraft in 1979 and of Voyager 1 in 1980, one of NASA's twin 
Voyager spacecraft. 



9.3 

General Properties, Formation and Internal Structure of Titan 

9.3.1 

Main Properties 

In Table 9.1 the main general properties of Titan are listed. With a radius R of 
2 575 km, Titan is the largest satellite of Saturn and is the second largest satellite of 
the Solar System, after Ganymede (R = 2 631 km), one of the Galilean Jovian 
moons. But if one takes into account its dense atmosphere and extends its radius 
up to the stratopause, Titan reaches a radius of 2 875 km, which makes it the 
largest moon in the Solar System. Like Saturn, Titan's mean distance from the Sun 
is about 9.5 astronomical units (AU) and its period of rotation around the Sun - as 
given by Kepler's third law (see Chapter 7) - is about 30 years. The solar flux at the 
location of Titan is about 1 % of the flux at the level of Earth orbit (remember that 
the radiation decreases with the square of its distance from the source). The mean 
temperature of Titan, if considered as a black body, is about 82 K. 



Table 9.1 Main characteristics of Titan (including HASI 
Huygens data). 

Property Value 

Surface radius 2 575 km 

Surface gravity 1.35 m s~ 2 (0.14 Earth's value) 

Mean volumic mass 1.88 kg drrr 3 (0.34 Earth's value) 

Distance from Saturn 20 Saturn radii (~1.2 x 10 6 km) 

Orbit period around Saturn ~16 days 

Orbit period around Sun -30 years 



Atmospheric data 





Altitude (km) 


Temperature (K) 


Pressure (hPa) 


Surface 


0 


93.7 


1470 


Tropopause 


42 


70.4 


135 


Stratopause 


-250 


-187 


-1.5 x 10- 1 


Mesopause 


-490 


-152 


-2 x 10- 3 
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Titan is in fact the only satellite of the Solar System that has a noticeable 
atmosphere. Its atmosphere is made mainly of nitrogen, with a substantial per- 
centage of methane. The surface pressure is 1.5 bar (1 500 hPa) and the surface 
temperature is about 94 K. This temperature is higher than the black body temper- 
ature because of a noticeable greenhouse effect of about 20 K caused by some of the 
atmospheric constituents (mainly methane and dihydrogen) and despite an anti- 
greenhouse effect of about 8 K produced by the haze particles. The consequence of 
these temperature and pressure (T, P) conditions is that Titan's atmosphere near 
the surface is about five times denser than the Earth's atmosphere. 

The inclination of Titan on its orbit around Saturn is small (0.33°). Because 
Titan's equatorial plane is practically in Saturn's ring plane, Titan has seasons like 
Saturn, which has an obliquity of 27°. A complete rotation of Titan around Saturn 
takes 16 days, with synchronous rotation. But while the solid surface of Titan 
rotates slowly, the satellite exhibits a super-rotation of its atmosphere due to strong 
zonal winds (similar to the case of Venus, with its very dense atmosphere; see 
Chapter 8). Titan's orbit is slightly eccentric (e = 0.029): this provides some con- 
straints on its internal structure and suggests the absence of a shallow ocean on its 
surface (which would tend to reduce the eccentricity value and change the orbit 
toward a circular one). Its distance from Saturn is about 20 Saturnian radii, far 
enough to avoid interactions with the Saturn rings and still small enough to allow 
Titan's atmosphere to interact regularly with the electrons of Saturn's magneto- 
sphere. 

Another detail of paramount importance to astrobiology is the mean density of 
the satellite, which is 1.88 gem" 3 . This value is equivalent to that of Ganymede 
(about 1.9 g cm -3 ) and much smaller than that of Jupiter's satellite Europa (about 
3 g cm -3 ). The low density of Titan indicates an internal structure made of low- 
density materials such as water (in solid and possibly liquid phase) and, more 
generally, ices of a mean density of approximately 1 g cm -3 , mixed with high- 
density materials such as rocks and silicates with a mean density of about 3 g cm -3 . 
This information is important when modeling the formation of the satellite. 

9.3.2 

Models of Formation and Internal Structure 

Like the other satellites of Saturn, Titan originated about 4.6 billion years ago from 
Saturn's subnebula. Titan grew up out of the accretion of small blocks and 
planetesimals present in the subnebula; during that process, the temperature 
increase generated mainly by gravity processes and radioactive decay was able to 
melt the icy components, and the rocks sunk toward the center of the planetary 
body. The resulting body was probably made of an undifferentiated inner silicate 
core, mixing rocks and ices, covered by a silicate outer core and a liquid mantle of a 
water-ammonia mixture, and dominated by a dense atmosphere. The origin and 
composition of this primordial atmosphere is still under debate. One classical 
scenario, developed by Prinn and Fegley in 1981, assumes that the early subnebula 
of Saturn was convective and stable and that carbon was mainly in the form of 
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carbon monoxide (CO) and nitrogen in the form of N 2 . At the location of Titan's 
orbit, which is 20 Saturn radii, the temperature and pressure conditions were high 
enough to allow the conversion of CO into CH 4 and N 2 into ammonia (NH 3 ). Then 
CH 4 and NH 3 would have been trapped in the form of hydrates in the planet- 
esimals forming Titan. The specificity of Titan, compared to all of Saturn's other 
satellites, can consequently be explained by the particular position of its site of 
formation within Saturn's subnebula, as recently published by Sekine and cow- 
orkers (2005). 

A different scenario, developed by Mousis et al. (2002), supposes that the 
subnebula of Saturn was turbulent and that CO and N 2 could not be efficiently 
converted into CH 4 and NH 3 under such conditions. The subnebula thus contained 
CO and some CH 4 and N 2 and some NH 3 . Models of the evolution of such 
subnebula show that in the feeding zone of Saturn, were the planetesimals are 
formed, CH 4 and NH 3 were efficiently trapped as hydrates, contrary to CO and N 2 . 
The relics of such CH 4 /NH 3 -rich planetesimals were thus used to form Titan. In 
this case, the composition of the atmosphere should reflect the volatile components 
of those planetesimals. 

Both models assume that CH 4 and NH 3 were progressively released in the 
atmosphere and that NH 3 was converted into N 2 by photochemical processes in 
the upper regions of the atmosphere or even by impact shock-catalyzed dissocia- 
tions. From such models of Titan's formation, it is possible to derive the resulting 
internal structure of Titan after 4.6 billion years of evolution. 

After a relatively short period (about 100 million years) of a warm aqueous 
environment induced by efficient energy sources, those energies became less 
abundant and Titan's surface cooled down. Water started freezing out of the 
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Fig. 9.3 Internal structure of Titan, (a) primordial Titan; 
(b) present Titan (adapted from Fortes 2000). 
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H 2 0-NH 3 solution, thereby forming an ice I crust. (Ice I is the form of all natural 
snow and ice on Earth.) Its thickness rapidly increased, reaching 30 km in (only) 
70 million years. The high pressure at the bottom of the ocean induced the 
crystallization of water ice VI and ammonia hydrates. (Ice VI is formed from 
liquid water at 1.1 GPa by lowering its temperature to 270 K.) This process should 
have enriched Titan's ocean in ammonia. The depth and composition of the 
resulting ocean depended on the heat flow from the core and its convective 
transport to the surface. Recent models by Tobie and coworkers (2005) indicate 
that the ocean might have contained up to 15 wt% of NH 3 over a depth of about 
200 km (Fig. 9.3). 

9.4 

Atmosphere and Surface of Titan 

As in many scientific fields, one can consider three main and complementary 
approaches to studying a planetary body. 

• One approach is theoretical modeling, e.g., with regard to 
photochemistry, thermodynamics, and microphysics. In the 
case of planetary astrobiology, it allows one to follow the 
evolution of organics within time durations that are un- 
reachable experimentally and to provide estimates of their 
concentrations in different space locations. 

• The second approach is experimental, involving laboratory 
simulations with specific experiments. With these ad hoc 
tools, by developing experiments in the laboratory, one can 
obtain detailed information about the studied object (of as- 
trobiological interest). 

• The last approach is observation, which includes remote 
sensing from Earth and spacecraft and in situ measurements. 
This is an essential and perfect approach to constrain the 
models, both theoretical and experimental, and to provide, by 
coupling the observational data with the other information, 
an integrated comprehensive vision of the studied body. 

9.4.1 

Theoretical Modeling of Titan's Atmosphere 

In a high-temperature system, one can derive the composition of the main and trace 
species by assuming thermodynamic equilibrium and calculating the distribution of 
species from their standard free energies of formation. The result of such calcu- 
lation, based on relatively simple chemical equilibrium calculation, has the advant- 
age of being independent of the reactions that have been considered. However, in 
the case of a low-temperature system, such as Titan's atmosphere, the equilibrium 
state is not reached. Therefore, this approach is more than questionable. 
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In the case of low-temperature systems, kinetic modeling is a safer method. It is 
possible to determine the steady-state composition that can be reached in any part 
of the system by the following approach. First, all chemical reactions involved in 
the system need to be identified, and their corresponding rate constants at the right 
temperatures must be obtained. Further, the spatial distribution of energy includ- 
ing the radiative transfer aspects must be known, as well as the diffusion constants 
for both molecular and eddy diffusions. From a set of chosen chemical reactions 
(which can be numerous!), a differential equation between concentration, time, 
and space coordinates (altitude z in a ID model) can be written for each compound 
in a given location of the system. With adequate software these equations can 
simultaneously be solved. Thus, a steady state can be written for each constituent i 
(Eq. 1)), where n, is the concentration of the constituent, Pi its production rate, L ; its 
loss rate, <t>; its vertical flux, Q its condensation factor, and z the altitude. The 
resolution of these equations gives the concentration of i as a function of the space 
coordinate (altitude z in a ID model). 



Several kinetic models, mainly photochemical models, of Titan's atmosphere have 
already been published. Until now, the data (mainly the vertical concentration 
profiles) derived from these models were relatively poorly constrained by observa- 
tional data, because only a few observations provided reliable concentration values 
at a given altitude. Furthermore, the models involved eddy diffusion coefficient, the 
profile of which is poorly known. 

Nevertheless, these models provide a quite good understanding of the chemical 
processes involved in this complex atmospheric chemistry. The primary processes 
involve the dissociation of CH 4 and N 2 by the solar UV photons and the electrons 



An,i/ dt = Pi 



n;L; — dfyjdz — Q 



(9.1) 
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Fig. 9.4 Chemical and physical 
processes in Titan's atmosphere 
according to chemical modeling. 
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from Saturn's magnetosphere. The resulting primary species formed in the high 
atmosphere yield to the production of simple hydrocarbons and N-compounds, 
especially C 2 H 2 and HCN (Fig. 9.4). These two molecules play a key role in the 
general chemical scheme. Once they are formed, they diffuse down to the lower 
atmospheric regions, where the available UV photons are less energetic but are 
absorbed by the two compounds, which leads to their dissociation (Fig. 9.5). The 
resulting radicals allow the formation of more-complex hydrocarbons and nitriles. 
In the chemical processes, polyynes, such as C 4 H 2 and C 6 H 2 , and cyanopolyynes, 
such as HC 5 N, may play an important role in the formation of high-molecular- 
weight products. Additional CH 4 dissociation probably occurs in the low strato- 
sphere through photocatalytic processes involving C 2 H 2 and polyynes. The end 
product of this chemistry would be a macromolecular organic compound made 
mainly of C, H, and N. 

If a species is omitted in a theoretical model, this will not change the results of 
thermodynamic equilibrium calculations. On the contrary, kinetic prediction may 
strongly depend on the nature of the assumed mechanism, and the omission of an 
important reaction may render the result invalid. Furthermore, contrary to ther- 
modynamic data, many of the data feeding the photochemical models are not 
available. This is the case, for instance, with kinetic constants, especially at low 
temperatures and for complex species, as well as with UV and IR spectra and 
quantum yields and branching ratios of photodissociation reactions. The simple 
case of methane photodissociation with Lyman alpha photons (121.6 nm) clearly 
illustrates the problem. As shown in Table 9.2, the values of quantum yields and of 
branching ratios are quite variable from one author to another. This may induce 
strong uncertainties in the photochemical model, which then propagate. 
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Table 9.2 Quantum yield of the primary process of photo- 
dissociation of methane by Lyman alpha radiation (121.6 nm) 
obtained by different models. 



Reaction Quantum yield 









Model A' 1 ' 


Model BW 


Model d b l 


Model DM 


CH 4 - 


- hv -> CH 3 


f H 


0.51 


0.49 


0.41 


0.291 


CH 4 - 


- hv -> CH 2 


4-H + H 


0.25 


0 


0 


0.055 


CH 4 - 


- hv -> CH 2 


f H 2 


0.24 


0 


0.53 


0.584 


CH 4 - 


- hv -> CH + 


H + H 2 


0 


0.51 


0.06 


0.07 



Source: Adapted from Herbrard (2006). 

a Model by Mordaunt and coworkers (1993). 

b Model by Smith and Raulin (1999). 

c Model by Wang and coworkers (2006) . 



A new model is currently being developed by this author's group to study the 
influence of these uncertainties in the model inputs on the output data of the 
model. This new 1-D model includes 121 neutral species, 20 photodissociations 




Ol . I i i i I . I i 

10 -12 10-10 TO-8 10- 6 10"« 10- 2 

Mole fraction 



Fig. 9.6 1-D photochemical modeling of Titan: vertical distribution 
of HC 3 N and associated uncertainties derived from the uncertain- 
ties in rate constants and photolysis rates. Several available ob- 
servational data are plotted for comparison (from Hebrard 2006). 
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with 50 branches, and 664 chemical reactions with associated reaction rates. It uses 
260 atmospheric layers and implies the resolution of 31 460 nonlinear, highly 
coupled equations. The propagation of chemical uncertainties in the model in- 
duces strong uncertainties in the vertical concentration profiles, as shown in 
Fig. 9.6 for HC 3 N. These uncertainties have strong consequences on the conclu- 
sions that can be inferred from the models. With the resulting error bars, the 
modeled vertical profile fits with most of the observations, suggesting that it is 
difficult to constrain the chemical scheme of the model without having a better 
precision of the input parameters. In any case, the information provided by such 
work can be used for identifying the reactions for which kinetic data and other 
associated parameters are essential and need to be experimentally determined. 

9.4.2 

Experimental Approach 

Different types of laboratory experiments related to the study of planetary environ- 
ments can be considered. In particular, experiments are specifically designed for 
determining some of the parameters involved in the evolution of the planetary 
body, such as rate constant or thermodynamic equilibrium data or spectroscopic 
data (IR, UV, radio-wave, and so forth). Other experiments are developed to 
simulate partly or globally the evolution of the considered environment. Such so- 
called "simulation experiments" can integrate the many different physical and 
chemical processes involved. One of the first simulation experiments carried out in 
the laboratory is the classic Stanley Miller experiment, which is supposed to mimic 
the chemical evolution processes in the conditions of the primitive Earth environ- 
ment (see Chapter 3). In the absence of any direct observational data of such an 
environment, this was indeed a unique tool. More recently, several groups have 
used a similar approach to study the evolution and organic chemistry of Titan's 
atmosphere. 

This type of experiment requires a reactor with the following specifications: 

• a judiciously chosen energy source that adequately mimics 
the sources really present in the atmosphere and that is able 
to break the chemical bonds of the molecules constituting the 
initial gas mixture representing the main composition of 
Titan's atmosphere; 

• a good vacuum device to prepare and introduce this initial gas 
mixture into the reactor and to sample the resulting products; 
and 

• efficient analytical tools for analyzing the products, in both 
the gas and condensed phases. 

Through sampling and chemical analysis, the evolution of the system then can be 
followed and the results extrapolated to the real case. In fact, the design and 
development of the experiment is not so simple, and it requires careful preparation 
and great care. The right choice of the numerous parameters involved is essential, 
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e.g., the abundance of the constituents in the starting gas mixture, the pressure, the 
energy flux, the temperature, etc. 

Further, the design of the reactor, the nature of the energy source, and the 
analytical procedures are essential. The reaction vessel may induce some wall effect, 
which is of course absent in the atmosphere of Titan and which may bias the results. 
Simulating processes in the high atmosphere, where pressure is low and three-body 
collisions are not favored, requires the use of large reactors. Under such conditions, 
the products may be very diluted and difficult to analyze. On the other hand, when 
using small, closed reactors, the accumulation of products makes their analysis 
easier, but it may significantly alter the primary processes compared to the planetary 
conditions. Indeed, within such conditions, the composition of the gas mixture 
changes and no longer represents the main composition of the simulated atmos- 
phere. This issue may be avoided by using a flow reactor, which is usually coupled to 
an electron impact energy source, such as a cold plasma discharge. 

In Titan's atmosphere the main energy sources are solar UV radiation and mid- 
energy electrons coming from Saturn's magnetosphere (Fig. 9.5). Only UV photons of 
wavelengths shorter than about 150 nm can dissociate methane. The most abundant 
solar photons in this range of wavelengths are Lyman alpha (121.6 nm) photons. This 
radiation can easily be simulated in the laboratory by using monochromatic lamps. 
But the Lyman a line does not allow the photodissociation of N 2 , which requires 
photons of a wavelength shorter than about 100 nm. UV radiation of such short 
wavelengths is difficult to obtain in the laboratory with irradiation systems compatible 
with closed reactors or even with flow reactors. For this reason, all laboratory experi- 
ments simulating the chemical evolution of Titan's atmosphere that have been carried 
out so far on N 2 -CH 4 initial gas mixtures use an electron impact energy source that 
mimics Titan's atmospheric electrons impinging from Saturn magnetosphere. An- 
other approach compatible with a short-wavelength UV source is the use of an initial 
gas mixture with another N-compound that can be photodissociated by UV photons of 
longer wavelengths and is also present in Titan's atmosphere - although at trace 
levels. Examples include the molecules HCN and HC 3 N. 

Since the flyby of Titan by the two Voyager spacecrafts in the early 1980 s (which 
provided a first determination of the main properties of its atmosphere, including 
its main composition and vertical temperature and pressure structure), many 
experiments have been carried out to simulate Titan's atmospheric chemistry in 
the laboratory. 

In the gas phase, more than 150 different organic molecules have been detected 
in simulation experiments. 

These global simulations of Titan's atmospheric chemistry use an open reactor 
with a continuous flow of a low-pressure N 2 -CH 4 gas mixture (Fig. 9.7). The energy 
source is a cold plasma discharge producing mid-energy electrons (around 1-10 eV). 
The gas-phase end products (molecules) are analyzed by infrared Fourier transform 
spectroscopy (IRFTS) and gas chromatography and mass spectrometry (GC-MS) 
techniques. The transient species, i.e., radicals and ions, are determined by online 
ultraviolet-visible (UV-VIS) spectroscopy. The evolution of the system is theoret- 
ically described using coupled physical and chemical models. 
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Fig. 9.7 Experimental setup for global simula- 
tion of Titan's atmospheric chemistry at LISA 
(Laboratoire Interuniversitaire des Systemes 
Atmospheriques, Universites Paris 12 et Paris 7). 
A gas mixture of N 2 (98%) and CH 4 (2%) flows 
continuously through the open reactor and is 
maintained at low pressure (-1 hPa) and low 
temperature (-150 K) (image credit: P. Coll). 

The identified organic products are mainly hydrocarbons and nitriles. The 
absence - at a detectable level - of molecules carrying amino groups, such as 
amines, with the exception of ammonia, must be highlighted. In these experi- 
ments all gaseous organic species observed in Titan's atmosphere were detected. 
Among the organics that were formed in simulation experiments, but that are not 
(yet) detected in Titan's atmosphere, one should note the presence of polyynes such 
as C 4 H 2 , C 6 H 2 , C 8 H 2 , and probably cyanopolyyne HC 4 -CN. These compounds are 
also included in photochemical models of Titan's atmosphere, where they might 
play a key role in the chemical schemes allowing the transition from gas-phase 
products to aerosols. Of further astrobiological interest is the formation of organic 
compounds with asymmetric carbon. 

Recent experiments by Bernard and coworkers on N 2 -CH 4 mixtures including 
CO at the 100-ppm level show the incorporation of oxygen (O) atoms in the 
produced organics, with an increasing diversity of the products. More than 200 
different compounds were identified. The main O-containing organic compound 
found is oxirane - also called ethylene oxide - (CH 2 ) 2 0. Oxirane thus appears to be 
a good candidate to search for in Titan's atmosphere. 

Further, simulation experiments produce solid organics, usually called tholins, a 
generic name invented by Carl Sagan in the late 1970 s. These "Titan tholins" are 
supposed to be laboratory analogues of Titan's aerosols. They have been extensively 
studied since the first work by Sagan and Khare more than 20 years ago. These 
laboratory analogues show very different properties depending on the experimental 
conditions. For instance, in the many published reports, the average C:N ratio of 
the product may vary between values of less than 1 and more than 11. 

Recently, dedicated experimental protocols allowing a simulation closer to real 
conditions have been developed in this author's laboratory using low pressure and 
low temperature and recovering the laboratory tholins without oxygen contamination 
(from the air of the laboratory) in a glove box purged with pure N 2 . Representative 
laboratory analogues of Titan's aerosols thus have been obtained and their complex 
refractive indices determined, for the first time with error bars. These data represent a 
new point of reference for modelers who are computing the properties of Titan's 
aerosols. Systematic studies have been carried out on the influence of the pressure of 
the starting gas mixture on the elemental composition of the tholins. They show that 
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two different chemical-physical regimes are involved in the processes, depending on 
the pressure, with a transition pressure around 1 hPa. 

The molecular composition of the Titan tholins is still poorly known. Several 
possibilities have been considered, including HCN polymers or oligomers, HCN- 
C 2 H 2 co-oligomers, HC 3 N polymers, and HC 3 N-HCN co-oligomers. It is well 
established that they are made of macromolecules of largely irregular structure. 
Gel filtration chromatography of the water-soluble fraction of Titan tholins shows 
an average molecular mass of about 500-1 000 Da. Information on the chemical 
groups included in their structure has been obtained from their IR and UV spectra 
and from analysis by pyrolysis GC-MS techniques. The data show the presence of 
aliphatic and benzenic hydrocarbon groups, of CN, NH 2 , and C=NH groups. Direct 
analysis by chemical derivatization techniques before and after hydrolysis allowed 
the identification of amino acids and their precursors. Their optical properties have 
been determined because of their importance for retrieving observational data 
from Titan. Finally, it obviously is of astrobiological interest to mention that the 
nutritious properties of Titan tholins for terrestrial microorganisms have also been 
studied, showing that some microorganisms can indeed use them as nutrients. 

There is still a need for more-accurate experimental simulations, where the 
primary processes are well mimicked, including the dissociation of N 2 by electron 
impact with energies close to those of Titan's atmosphere and the dissociation of 
methane through photolysis processes. Such an experiment is currently under 
development at this author's laboratory, which is called SETUP (Simulation 
Experimental et Theorique Utile a la Planetologie). 

9.4.3 

Observational Approach 

Of course, neither of the two previous approaches can be developed without any 
observational data. As mentioned above, much information on Titan has been 
obtained from ground-based observations, before and even after Voyager's flyby of 
Titan in 1980 and 1981. Several instruments of the Voyager spacecraft provided 
further insight into Titan's atmosphere. For example, the determination of the 
atmospheric composition was obtained from observations by the infrared interfer- 
ometer spectrometer and radiometer (IRIS) - in the IR range - and the ultraviolet 
spectrometer (UVS) - in the UV range. The vertical atmospheric structure from 
200 km altitude to the surface was derived from the data of the radio-occultation 
experiment. Later observations from ground-based and Earth-orbiting space tele- 
scopes, such as NASA's Hubble Space Telescope (HST) and ESA's Infrared Space 
Observatory (ISO) provided additional data on Titan's atmospheric composition and 
even - for the first time - Titan's surface heterogeneities, by using dedicated 
spectral windows and adapted optics. 

The NASA-ESA Cassini-Huygens mission is an excellent example of an observa- 
tional approach to study Titan, because it combines both remote sensing and in situ 
observations. The Cassini-Huygens spacecraft was successfully launched from Cape 
Canaveral, Florida, USA, on 15 October 1997 by use of a Titan IVB/Centaur rocket. 
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The spacecraft - which consisted of a Saturn orbiter, the Cassini spacecraft, and a 
Titan atmospheric probe, the Huygens entry probe - was on a seven-year interplan- 
etary trajectory toward Saturn that relied on four gravity-assist maneuvers at Venus 
(1998 and 1999), Earth (August 1999), and Jupiter (December 2000) to reach its final 
destination (Fig. 9.8; see Chapter 7 for more information on gravity-assist maneu- 
vers). It reached Saturn in 2004, with a Saturn orbit insertion on 1 July 2004. Since 
that date, Saturn has a new - but artificial - satellite, the spacecraft Cassini. Cassini 
embarked on a four-year tour of the Saturnian system, which may last longer with an 
extended mission. At the end of 2004, after two initial Titan encounters, it released 
the Huygens probe on the third orbit around Saturn on 25 December 2004. Huygens 
penetrated Titan's atmosphere and parachuted down to the surface on 14 January 
2005. The descent lasted about 2.5 hours, and Huygens continued functioning for 
three hours on the surface. Cassini recovered surface data for more than 1 hour and 
10 minutes, before it went out of the field of view of the landed probe. 

The Cassini-Huygens mission was designed to explore the Saturnian system in 
great detail, including the giant planet, its atmosphere, its magnetosphere and 
rings, and many of its moons, especially Titan, by using the 12 scientific instru- 
ments onboard the spacecraft (Table 9.3). Titan's exploration is one of the main 
objectives of the mission, which includes multiple opportunities for close remote 
sensing and observations of Titan by the Cassini orbiter. During the four years of 




Fig. 9.8 Interplanetary trajectory of the Cassini spacecraft. After 
the insertion in the Saturn orbit on 1 July 2004, Cassini released the 
Huygens probe on 25 December 2004. The probe penetrated 
Titan's atmosphere on 1 4 January 2005 (image credit: NASA/J PL). 
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the nominal mission (mid-2004 to mid-2008), the planned 74 orbits around Saturn 
include 44 close Titan flybys. 



Table 9.3 Instruments on the Cassini spacecraft, interdiscipli- 
nary programs (IDP), the leading scientists, and the potential for 
astrobiological return of their investigation. 



Instrument or IDP 



PI, team leader, 
or IDSl a l 



Country 



Astrobiological 
return 



Optical remote sensing instruments 

Composite infrared spectrometer (CIRS) 
Imaging science subsystem (ISS) 
Ultraviolet imaging spectrograph (UVIS) 
VIS/IR mapping spectrometer (VIMS) 

Fields, particles, and waves instruments 

Cassini plasma spectrometer 

Cosmic dust analysis 

Ion and neutral mass spectrometer 

Magnetometer 

Magnetospheric imaging instrument 
Radio and plasma wave 
spectrometer 

Microwave remote sensing 

Cassini radar 

Radio science subsystem 

Interdisciplinary program 

Magnetosphere and plasma 

Rings and dust 

Magnetosphere and plasma 

Atmospheres 

Satellites and asteroids 

Aeronomy and solar wind interaction 



V. Kunde, M. Flasar 
C. Porco 
L. Esposito 
R. Brown 



USA 
USA 
USA 
USA 



D. Young USA 

E. Griin Germany 
H. Waite USA 

D. Southwood, M. Dougherty UK 



S. Krimigis 
D. Gurnett 



C. Elachi 
A. Kliore 

M. Blanc 
J.N. Cuzzi 
T.I. Gombosi 
T. Owen 
LA. Soderblom 

D. F. Strobel 



USA 
USA 



USA 
USA 

France 

USA 

USA 

USA 

USA 

USA 



+++ 
+++ 



+++ 

Not applicable 
Not applicable 
Not applicable 



a PI: principal investigator, IDS: interdisciplinary scientist. 

Several instruments of the orbiter and most of the six instruments of the probe 
(Table 9.4) provide data of astrobiological interest (Fig. 9.9). The optical remote 
sensing instruments of the orbiter, especially the composite infrared spectrometer 
(CIRS), the ion and neutral mass spectrometer (INMS), and the ultraviolet imaging 
spectrograph (UVIS), determine the chemical composition of different zones of 
Titan's atmosphere. They are able, in particular, to detect many organics, including 
new species, and allow the determination of their vertical concentration profile. 
The cameras of the imaging science subsystem (ISS), the Cassini radar, and the 
visual and IR mapping spectrometer (VIMS) map Titan's surface through the haze 
layers and determine the morphology, the heterogeneity, the presence of craters, 
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which may result from volcanic activity and from impactors, and information on 
the chemical composition of the surface. 



Table 9.4 Instruments on the Huygens entry probe, 
interdisciplinary programs (IDP), the leading scientists, and 
the potential for astrobiological return of their investigation. 



Instrument or IDP PI or IDS'" 1 Country Astrobiological 

return 



Gas chromatograph-mass 
spectrometer (GC-MS) 
Aerosol collector and pyrolyzer 
Huygens atmospheric structure 
instrument 

Descent imager/spectral 
radiometer (DISR) 
Doppler wind experiment 
Surface science package (SSP) 
Interdisciplinary program 
Aeronomy 

Atmosphere/surface interactions 
Chemistry and exobiology 



H. Niemann 

G. Israel 

M. Fulchignoni 

M. Tomasko 

M. Bird 
J. Zarnecki 

D. Gautier 
J.I. Lunine 
F. Raulin 



USA 

France 
Italy 

USA 

Germany 
UK 

France 

USA 

France 



+++ 
++ 



++ 
++ 
+++ 



a PI : principal investigator, IDS : interdisciplinary scientist 




a) b) 

Fig. 9.9 Images of Titan taken from the Cassini (b) Ultraviolet image of Titan's night-side limb, 

spacecraft, (a) False-color composite image of taken by the narrow-angle camera. It shows 

Titan taken by the ISS wide-angle camera many fine haze layers extending several hun- 

(combining near-IR and visible images) in April dred km above the surface (image credit: 

2005 at about 1 70 000 km distance. Resolution NASA/J PL/Space Science Institute), 
in the images is approximately 10 km per pixel; 
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Fig. 9.10 Surface features of Titan and the 6.5-km altitude (image credit: ESA/NASA/JPL/ 

Earth. (A) Channel networks, highlands, and University of Arizona); (B) A similar dentritic 

dark-bright interface on the surface of Titan structure seen on the Earth in the Yemen 

as seen by the DISR instrument on Huygens at desert (image credit: NASA). 



The GC-MS instrument on the Huygens probe, a gas chromatograph (GC) with 
three GC capillary columns coupled to a quadrupole mass spectrometer (MS), 
performed a detailed chemical analysis of the atmosphere - including molecular 
and isotopic analysis - during the 2.5 hours of descent of the probe. After landing, 
it continued with measurements of the surface. The aerosol collector and pyrolyzer 
(ACP) experiment collected atmospheric aerosols and heated them up to high 
temperatures, which pyrolyzed the refractory part of the collected particles. Then 
the produced gases were transferred to the GC-MS instrument for molecular 
analysis. This was the first direct in situ molecular and elemental analysis of Titan's 
hazes. The Huygens atmospheric structure instrument (HASI) determined, in 
particular, the vertical profiles of pressure and temperature. The descent imager/ 
spectral radiometer (DISR) measured the radiation budget of the atmosphere, 
investigated the cloud structure, and took images of the surface (Fig. 9.10A). The 
surface science package (SSP) provided information on the physical state and 
chemical composition of the surface. 

A paramount scientific synergy is given by the complementarities of the Cassini 
observations, which on the one hand provide a global mapping of Titan by the 
Cassini spacecraft with observations of potential temporal and spatial variations 
and on the other hand provide very detailed information of one particular location 
of Titan from the data of the Huygens entry probe. 
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9.5 

Astrobiological Aspects of Titan 

9.5.1 

Analogies with Planet Earth 

Titan's dense atmosphere, which extents up to about 1 500 km, is composed mainly 
of N 2 , like the atmosphere of the Earth. The other main constituents are CH 4 , 
which amounts to about 1.6-2% in the stratosphere as measured by the CIRS on 
Cassini and the GC-MS on Huygens, and H 2 , which amounts to about 0.1%. 
Despite the differences between Titan and the Earth, in particular in temperature 
ranges, there are several analogies between both bodies, as outlined below. 

The first resemblances concern the vertical atmospheric structure (see Fig. 9.5). 
Although Titan is much colder, with a troposphere (-94 to ~70 K), a tropopause 
(70.4 K), and a stratosphere (-70-175 K), its atmosphere presents a similar com- 
plex structure and includes, like the Earth, as recently evidenced by Cassini- 
Huygens, a mesosphere and a thermosphere. With a much higher density in the 
case of Titan, the mesosphere extends to altitudes higher than 400 km (instead of 
only 100 km for the Earth), but the shape looks very much the same. 

These analogies are linked to the presence of greenhouse gases and anti-green- 
house elements in both atmospheres. CH 4 has strong absorption bands in the 
medium- and far-IR regions, which corresponds to the maximum of the IR 
emission spectrum of Titan. CH 4 is transparent in the near-UV and visible (VIS) 
spectral regions. It thus can be a very efficient greenhouse gas in Titan's atmos- 
phere. 

H 2 , which absorbs in the far IR (through bimolecular interaction of its dimers), 
plays a similar role. In the pressure-temperature conditions of Titan's atmosphere, 
CH 4 can condense but H 2 cannot. Thus, on Titan CH 4 and H 2 are equivalent to 
terrestrial condensable H 2 0 and non-condensable C0 2 . In addition, the haze 
particles and clouds in Titan's atmosphere have an anti-greenhouse effect similar 
to that of the terrestrial atmospheric aerosols and clouds. 

Methane on Titan seems to play the role of water on Earth, with a complex cycle 
that still is not well understood. Although the possibility that Titan is covered with 
hydrocarbons oceans has been ruled out, it is now likely that Titan's surface 
includes small lakes of methane and ethane, which seem to have been observed 
by the Cassini radar. The ISS camera on Cassini has also detected dark surface 
features near Titan's south pole that might be such liquid bodies (see Fig. 9.14). 
Moreover, the DISR instrument on Huygens has provided pictures of Titan's 
surface, which clearly show dentritic structures (Fig. 9.10A) that look like a 
terrestrial fluvial net (Fig. 9.10B). Because these features are free of crater impacts, 
it is suggested that they lie in a relatively young terrain and that in this area liquid 
was flowing recently on the surface of Titan. In addition, the Huygens GC-MS data 
show that the CH 4 mole fraction increases in the low troposphere (up to 5 %) and 
reaches the saturation level at an altitude of approximately 8 km, allowing the 
possible formation of clouds and rain. Furthermore, GC-MS observed an increase 
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of about 50% in the CH 4 mole fraction at Titan's surface, suggesting the presence 
of condensed methane at the surface in the vicinity of the Huygens probe. 

Other observations from the Cassini instruments clearly show the presence of 
various surface features of different origin that are indicative of volcanic, tectonic, 
sedimentological, and meteorological processes, similar to those that are found on 
Earth (Fig. 9.10). One can push the analogies between Titan and the Earth even 
further by comparing Titan's winter polar atmosphere and the terrestrial Antarctic 
ozone hole, although they imply different chemistries. 

INMS on Cassini and GC-MS on Huygens have detected the presence of argon 
(Ar) in Titan's atmosphere. As in the Earth's atmosphere, the most abundant 
isotope is 40 Ar, which comes from the radioactive decay of 40 K. Its stratospheric 
mole fraction is about 3 x 10" 5 as measured by GC-MS. The abundance of primor- 
dial argon ( 36 Ar) is about 200 times smaller. The other primordial noble gases have 
a mixing ratio of less than 10 ppb. This strongly suggests that Titan's atmosphere is 
a secondary atmosphere, produced by the degassing of trapped gases. Because N 2 
cannot be efficiently trapped in the icy planetesimals that accreted and formed 
Titan - in contrast to NH 3 - this high abundance of N 2 indicates that Titan's 
primordial atmosphere was initially made of NH 3 . Ammonia was then trans- 
formed into N 2 by photolysis and/or impact-driven chemical processes. The 
14 N: 15 N ratio measured in the atmosphere by INMS and GC-MS was 183 in the 
stratosphere, which is 1.5 times less than that of the primordial nitrogen. This low 
ratio indicates that the atmosphere was probably lost several times during the 
history of the satellite. Such evolution may also lead to methane transformation 
into organics (see Section 9.5.2), which may suggest large deposits of organics on 
Titan's surface. 

Lastly, analogies can be drawn between the organic chemistry that is now very 
active on Titan and the prebiotic chemistry that proceeded in the environment of 
the primitive Earth (see Chapter 3). Despite the absence of permanent bodies of 
liquid water on Titan's surface, several of the organic processes that occur today on 
Titan imply the existence of some of the organic compounds considered to be key 
molecules in terrestrial prebiotic chemistry. Examples include hydrogen cyanide 
(HCN), cyanoacetylene (HC 3 N), and cyanogen (C 2 N 2 ). Indeed, a complex organic 
chemistry seems to be present in the three components of what one can call - by 
analogy with our planet - the "geofluids" of Titan: air (gas atmosphere), aerosols 
(solid atmosphere), and surface (oceans). 

9.5.2 

Organic Chemistry 

Several organic compounds have already been detected in Titan's stratosphere 
(Table 9.5). The list includes hydrocarbons (with both saturated and unsaturated 
chains) and nitrogen-containing organic compounds, which are exclusively ni- 
triles, as expected from laboratory simulation experiments. Most of these detec- 
tions were performed by Voyager observations, with the exceptions of C 2 hydro- 
carbons, which were observed before; acetonitrile, which was detected by ground 



9.5 Astrobiological Aspects of Titan 243 



observation in the millimeter wavelength; and water and benzene, which were 
tentatively detected by the ISO spacecraft. Since Cassini's arrival in the Saturn 
system, the presence of water and benzene has been unambiguously confirmed by 
the CIRS instrument. In addition, the direct analysis of the ionosphere by the 
IN MS instrument during Cassini's flybys of Titan shows the presence of many 
organic species at detectable levels (Fig. 9.11), despite the spacecraft's high altitude 
of 1 100-1 300 km. 

Table 9.5 Main composition and detected trace components of 
Titan's stratosphere and comparison with products of laboratory 
simulation experiments. 



Compound Stratospheric Location Simulation 

mixing ratio experiments' 3 ' 



Main constituents 








Nitrogen N 2 


0.98 






Methane CH 4 


0.02 






Hydrogen H 2 


0.0006-0.0014 






Hydrocarbons 








Ethane C 2 H 6 


1.3 x 10- 5 


Equator 


Major product 


Acetylene C 2 H 2 


2.2 x 10- 6 


Equator 


Major product 


Propane C 3 H 8 


7.0 x 10- 7 


Equator 


++ 


Ethylene C 2 H 4 


9.0 x 10~ 8 


Equator 


++ 


Propyne C 3 H 4 


1.7 x 10- 8 


North pole 


+ 


Diacetylene C 4 H 2 


2.2 x 10- 8 


North pole 


+ 


Benzene C 6 H 6 


Few 10- 9 




+ 


N-organics 








Hydrogen cyanide HCN 


6.0 x 10~ 7 


North pole 


Major product 


Cyanoacetylene HC 3 N 


7.0 x 10- 8 


North pole 


++ 


Cyanogen C 2 N 2 


4.5 x 10- 9 


North pole 


+ 


Acetonitrile CH 3 CN 


Few 10- 9 




++ 


Dicyanoacetylene C 4 N 2 


Solid phase 


North pole 


+ 


O-compounds 








Carbon monoxide CO 


2.0 x 10- 5 






Carbon dioxide C0 2 


1.4 x 10- 8 


Equator 




Water H 2 0 


Few 10- 9 







a ++: abundance smaller by one order of magnitude than that of the major product; 
+: abundance smaller by two orders of magnitude than that of the major product. 

Surprisingly, the GC-MS instrument onboard the Huygens probe has not detected a 
large variety of organic compounds in the low atmosphere. The mass spectra 
collected during the descent show that the medium and low stratosphere and 
the troposphere are poor in volatile organic species, with the exception of CH 4 . This 
may be explained by the condensation of those high-molecular species on aerosol 
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Fig. 9.11 Mass spectrum of Titan's 
ionosphere near 1200 km altitude. The 
spectrum shows signatures of organic 
compounds including those with up to 
7 carbon atoms (image credit: NASA/ 
JPL/University of Michigan). 



particles. These particles, for which no direct data on the chemical composition 
were available before, have been analyzed by the ACP instrument. ACP was 
designed to collect aerosols during the descent of the Huygens probe on a filter 
in two different regions of the atmosphere. Then the filter was heated in a closed 
oven at different temperatures and the produced gases were analyzed by GC-MS. 
The results showed that the aerosol particles are made of refractory organics that 
release HCN and NH 3 during pyrolysis. This result strongly supports the tholins 
hypothesis (see Section 9.4.2). Based on these new and, for the first time, in situ 
data, it seems very likely that the aerosol particles are made of a refractory organic 
nucleus, covered with condensed volatile compounds (Fig. 9.12). The nature of the 
pyrolysates provides information on the molecular structure of the refractory 
complex organics. It indicates the potential presence of nitrile groups (-CN), amino 
groups (-NH 2 , -NH- and -N<), and /or imino groups (-C=N-). 

Furthermore, comparison of the data obtained from the first sampling, which 
consisted mainly of stratospheric particles, and the second one, which was taken in 
the mid-troposphere, indicates that the aerosol composition is homogeneous. This 
fits with some of the data obtained by DISR on aerosol particles, which indicate a 
relatively constant size distribution of the particles with altitude. Their mean 
diameter is on the order of 1 |im. 



Small part of 
condensates 



Fig. 9.12 Model of the chemical composition of Titan's aerosols 
derived from the Huygens ACP data. 
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Fig. 9.13 Surface of Titan as seen by the DISR camera 
on Huygens after it landed (image credit: ESA/NASA/J PL/ 
University of Arizona). 



These particles sediment to the surface, where they form a deposit of complex 
refractory organics and frozen volatiles. DISR collected the infrared reflectance 
spectra of the surface with the help of a lamp that illuminated the surface before 
the Huygens probe touched down. The retrieving of these infrared data showed the 
presence of water ice but no clear evidence - so far - of tholins. The presence of 
water ice is supported by the data from SSP. Its accelerometer measurements can 
be interpreted by the presence of small water ice pebbles on the surface where 
Huygens has landed, in agreement with the DISR surface pictures (Fig. 9.13). On 
the other hand, GC-MS was able to analyze the atmosphere near the surface for 
more than one hour after touchdown. The corresponding mass spectra showed the 
clear signature of many organics, including cyanogen, C3, and C4 hydrocarbons 
and benzene, indicating that the surface is much richer in volatile organics than 
the low stratosphere and the troposphere. These observations are in agreement 
with the hypothesis that in the low atmosphere of Titan most of the organic 
compounds are in the condensed phase. 

Altogether, these new data of the Cassini-Huygens mission show the diversity of 
the locations where organic chemistry is taking place on Titan. Surprisingly, the 
high atmosphere looks very active, with neutral and ion organic processes; the high 
stratosphere, where many organic compounds had already been detected before 
Cassini arrived in the Saturn system, shows an active organic chemistry in the gas 
phase. In the lower atmosphere, this chemistry seems to be concentrated mainly in 
the condensed phase. Titan's surface is probably covered with frozen volatile 
organics together with refractory, tholin-like organic materials. 

Cosmic rays reaching Titan's surface and hence these compounds may induce 
additional organic syntheses, especially if part of these materials is dissolved in 
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some small liquid bodies made of low-molecular-weight hydrocarbons (mainly 
methane and ethane). 

Despite the low surface temperatures, the presence of liquid water is not 
excluded. Cometary impacts on Titan may melt surface water ice, offering possible 
episodes of liquid water as long as about 1 000 years, as suggested by Artemieva 
and Lunine (2003). This scenario provides conditions for short periods of terres- 
trial-like prebiotic syntheses at relatively low temperatures. Low temperatures 
reduce the rate constants of prebiotic chemical reactions but may increase the 
concentration of reacting organics by an eutectic effect, which increases the rate of 
the reaction. In addition, the possible presence of a water-ammonia ocean in the 
depths of Titan, as expected from models of its internal structure, may provide an 
efficient way to convert simple organics into complex molecules and to reprocess 
chondritic organic matter into prebiotic compounds. These processes may have 
very efficiently occurred at the beginning of Titan's history - with even the 
possibility of the water-ammonia ocean exposed to the surface - allowing a 
CHON (carbon, hydrogen, oxygen, and nitrogen) prebiotic chemistry evolving to 
compounds that may be of astrobiological interest. 

9.5.3 

Life on Titan? 

In the following sections, conditions are considered that may drive the chemistry in 
Titan's environment from organic chemistry to prebiotic chemistry or maybe even 
to biotic processes. The overarching question is whether Titan's conditions are 
compatible with those needed for sustaining life (see also Chapter 6). The surface 
of Titan is too cold and not energetic enough to provide the right conditions for 
habitability. However, the (hypothetical) subsurface oceans on Titan may be 
suitable for life, as suggested by Fortes (2000). The temperature of these hypo- 
thetical subsurface oceans is estimated as high as about 260 K. In addition, 
cryovolcanic hotspots are assumed with possible temperatures in the range of 
300 K. These temperature conditions might allow the development of living 
systems. Even at a depth of 200 km, the expected pressure of about 500 MPa 
(5 kbar) is not incompatible with life, as shown by terrestrial examples. The 
expected pH of an aqueous medium made of 15 % by weight of NH 3 is equivalent 
to a pH of 11.5. Some bacteria can grow on Earth at pH 12 (see Chapter 5). Even the 
limited energy resources do not exclude the sustaining of life. 

Taking into account the potential radiogenic heat flow (about 5 x 10 11 W) and 
assuming that 1% of this is used for volcanic activity and 10% of the latter is 
available for living system metabolism, Fortes (2000) has estimated an energy flux 
of about 5 x 10 8 W that may be available in Titan's subsurface oceans. Considering 
the terrestrial biosphere, such a flux corresponds to the production of about 
4 x 10 11 mol of ATP per year and about 2 x 10 13 g of biomass per year. Assuming 
an average turnover for the living systems on the order of one year, the biomass 
density would be 1 g m" 2 . This number is very small compared to the lower limit of 
the value of the biomass for the Earth, which amounts to about 1 000-10 000 g m" 2 . 
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Nevertheless, these energetic considerations would allow a possible presence of 
limited, but not negligible, bioactivity on the satellite. Assuming that extraterres- 
trial living systems are similar to the ones we know on Earth, and based on the 
chemistry of carbon and the use of liquid water as solvent (see Chapter 6), the 
hypothetical biota on Titan, if any, might be localized in the subsurface deep ocean. 
Several possible metabolic processes have been postulated for the hypothetical 
subsurface oceanic life on Titan, such as nitrate/nitrite reduction or nitrate/ 
dinitrogen reduction, sulfate reduction or methanogenesis (Simakov 2001), and 
catalytic hydrogenation of acetylene (Abbas and Schulze-Makuch 2002). 

As expected, no sign of macroscopic life has been detected by the Huygens probe 
when approaching the surface or after landing. This can be concluded in particular 
from the many pictures taken by the DISR of the same location on Titan during 
more than one hour after landing. But this does not exclude the possibility of the 
presence of microscopic life. The metabolic activity of a corresponding biota, even 
if it is localized far from the surface in the deep internal structure of Titan, may 
produce chemical species that diffuse through the ice mantle, covering the hypo- 
thetical internal ocean, and feed the atmosphere. It has even been speculated in 
several publications that the methane seen in the atmosphere today is the product 
of biological activity. If this were the case, the atmospheric methane would be 
notably enriched in light carbon. On Earth, biological processes induce an isotopic 
fragmentation that produces enrichment in 12 C. The ratio 12 C: 13 C increases from 
89, which is the reference value taken from the Belemnite of the Pee Dee 
Formation, to about 91-94 depending on the biosynthesis processes. The 12 C: 13 C 
ratio of atmospheric methane on Titan is 82, as determined by the GC-MS instru- 
ment on Huygens. Although we do not have a reference value for 12 C: 13 C on Titan, 
this low value suggests that the origin of methane is likely to be abiotic. 

9.6 

Outlook: Astrobiology and Future Exploration of Titan 

Although exotic life such as methanogenic life in liquid methane cannot be fully 
ruled out, the presence of extant or extinct life on Titan seems very unlikely. 
Nevertheless, with the new observational data provided by the Cassini-Huygens 
mission, the largest satellite of Saturn appears more than ever to be an interesting 
object for astrobiology. The several similarities of this exotic and cold planetary 
body with the Earth (see Section 9.5.1) and the complex organic chemical processes 
that are going on now on Titan (see Section 9.5.2) provide a fantastic means for a 
better understanding of the prebiotic processes, which are no longer reachable on 
the Earth at the scale and within the whole complexity of a planetary environment. 

The origin and cycle of methane on Titan illustrate the whole complexity of the 
Titan system. Methane may be stored in large amounts in the interior of the 
satellite as clathrates (methane hydrates) trapped during the formation of the 
satellite from the Saturnian subnebula, where it was formed by Fischer-Tropsch 
processes (abiotic synthesis of hydrocarbons from CO and H 2 using metallic 
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catalysts). It may also be produced through high-pressure processes, such as 
serpentinization, allowing the formation of H 2 by reaction of H 2 0 with ultramafic 
rocks, or by cometary impact. Interestingly, these processes have rarely been 
considered in the case of the primitive Earth, although they may have contributed 
to a possible reducing character of the primordial atmosphere of the Earth. That 
possibility was recently reexamined by Tian and coworkers (2005). This is an 
example of how the study of Titan is indeed bringing some new ideas to the 
understanding of chemical evolution processes on the early Earth. 

In Titan's atmosphere, methane is photolyzed by solar UV radiation, whereby 
mainly ethane and tholin-like organic matter are produced. The resulting lifetime 
of methane in Titan's atmosphere is relatively short (about 10-30 million years). 
Thus, methane stored in Titan's interior may be continuously replenishing the 
atmosphere by degassing induced by cryovolcanism, which has been clearly 
evidenced by the first images of Titan's surface provided by the VIMS, ISS, and 
radar instruments on the Cassini spacecraft. It may episodically be released to the 
atmosphere, as recently suggested by Tobie and coworkers (2005). In any case, the 
methane cycle should indeed produce large amounts of complex organics accu- 
mulating on the surface as well as large amounts of ethane, which, when mixed 
with the dissolved atmospheric methane, should form liquid bodies on the surface 
or in the near subsurface of the satellite. Maybe the dark feature seen near Titan's 
south pole (Fig. 9.14) represents one of these expected liquid bodies. 

From the current data, Titan looks like another world, with an active prebiotic- 
like chemistry but a lack of permanent liquid water on its surface. For this reason, 
Titan represents a natural planetary laboratory for prebiotic-like chemistry. 

The Cassini-Huygens mission is still proceeding. It will continue its systematic 
exploration of the Saturnian system up to 2008, and probably to 2011 if the 
extended mission is accepted. Numerous data of paramount importance for astro- 
biology are still expected from several of its instruments (Table 9.3). The CIRS 
instrument should be able to detect new organic species in the atmosphere during 
future limb observations of Titan, especially at the pole. ISS and VIMS should 
provide more-detailed pictures of Titan's surface revealing the complexity and even 



Fig. 9.14 Picture of Titan taken near the south 
pole (cross in the middle) by the ISS narrow- 
angle camera on Cassini. It shows, in addition to 
bright clouds, the presence of a dark feature on 
the upper left, which may be interpreted as a 
liquid hydrocarbon lake (image credit: NASA/ 
JPL/Space Science Institute). 
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Fig. 9.15 One of the largest impact craters probably somewhat different in composition, 

(about 80 km in diameter) observed on Titan's Because it is made of material excavated when 

surface by two Cassini instruments: VIMS infra- the crater was formed, this indicates that the 

red (left) and VIMS false-color image (right) and composition of Titan's upper crust varies with 

radar image (center). The faint halo, slightly depth (image credit: NASA/J PL/University of 

bluer and darker than the surrounding parts, is Arizona). 



the physical and chemical nature of this surface and its diversity. Radar observation 
will continue the systematic coverage of Titan's surface, showing contrasted 
regions with smooth and rough parts that suggest shorelines. Observations of 
the same regions with these instruments coupled with those already performed 
with other instruments should bring a fruitful synergy (Fig. 9.15). In the longer 
term, future missions to Titan, including horizontal mobility to explore the surface 
in great detail and to analyze it at the molecular level and at many different 
locations, are already being considered. Such projects, if implemented, might 
bring essential information for our understanding of this astrobiological, exotic, 
and astonishing world. 
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9.8 

Questions for Students 

Question 9.1 

Given the surface temperature (94 K) and pressure (1 500 hPa = 1.5 bar) of Titan, 
determine the relative density of its atmosphere near the surface compared to that 
of the Earth. 

Question 9.2 

(a) From the period of Saturn around the sun (29.4 years), deduce the mean 
distance of Titan from the Sun. (b) From the mean distance of Titan from the Sun 
determined in (a), determine the mean solar flux received at Titan compared to the 
Earth. 

Question 9.3 (see Figs 9.16 and 9.17) 

In Titan's atmosphere the main product of methane photochemistry is ethane, 
via the following reaction: 

CH 3 + CH 3 + M -> C 2 H 6 + M, 

where M is a third body. 

(a) This reaction does not occur in the high atmosphere of Titan. Why not? (b) In 
the low atmosphere, CH 3 radicals cannot be directly produced by methane pho- 
tolysis, but C 2 H and C 4 H radicals are directly produced by acetylene and diacety- 
lene photolysis. Why? (c) Give the mechanism of formation of CH 3 radicals in 
Titan's stratosphere photocatalyzed by acetylene, (d) Give the mechanism of 
formation of CH 3 radicals in Titan's stratosphere photocatalyzed by diacetylene. 
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Fig. 9.16 UV spectra of methane, acetylene, and diacetylene. 
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Fig. 9.17 I R spectrum of methane. 



Question 9.4 
Knowing 

• the scale height of Titan's troposphere: Ha = 22 km, 

• the surface pressure: Ps = 1.5 x 10 5 Pa, 

• the mean mole fraction of methane in the troposphere: 
fm = 0.03, 

• the global flux of destruction of methane in the atmosphere: 
<t> = 10 10 molecules/cm -2 s" 1 , and 

• the value of the Boltzman constant: kb = 1.4 x 10~ 23 J/K, 



determine how long it will take for the whole atmospheric methane to disappear, in 
the absence of any source on Titan. What suggests this value? 
Question 9.5 

Methane does not absorb in the visible. Its UV and IR spectra are given in Figs 
9.16 and 9.17. Explain why methane produces a greenhouse effect in Titan's 
atmosphere. 
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Jupiter's Moon Europa: Geology and Habitability 

Christophe Sot'm and Daniel Prieur 



After reviewing the current knowledge of the geological processes 
and the surface composition of Jupiter's moon Europa, this chapter 
concentrates on the geophysical data that suggest below the ice 
crust the presence of a deep ocean that would be in contact with a 
silicate core. Models of Europa's thermal evolution are then de- 
scribed. Based on the ocean hypothesis of Europa, the chapter then 
considers the astrobiological aspects of Europa and the perspec- 
tives of potential life at the interface between the ocean and the 
silicate core. Reference is given to the adaptability of terrestrial life 
to extreme environments. As outlook, some experiments are de- 
scribed that could be carried out onboard future missions to the 
Jupiter system and its moon Europa in order to resolve some of the 
important issues related to putative habitability in the outer Solar 
System. 



10.1 

A Short Survey of the Past Exploration of Europa 

The four largest moons of Jupiter - Io, Europa, Ganymede, and Callisto - were 
discovered in 1610 by Galileo Galilei, who used a self-made telescope. He recog- 
nized the importance of the Jupiter moons in supporting Kepler's conception of 
the Sun being the central body in our Solar System; therefore, in his honor, these 
four moons are now called the Galilean satellites. At nearly the same time (actually 
a few weeks earlier), the four moons were discovered by Simon Marius, a German 
astronomer, who gave them the names of the favorites of the ancient chief god 
Jupiter, except for Ganymede, who was the cupbearer of the gods. 

Europa is the second Galilean satellite with regard to its distance to Jupiter. It 
orbits around Jupiter at a period of 3.55 days (Table 10.1). Its orbit is controlled by 
the so-called (1,2,4) Laplace resonance between Io, Europa, and Ganymede that 
maintains an eccentricity on the order of 1 %. 
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Table 10.1 Characteristics of Jupiter's moon Europa. 



Parameter Quantity and dimension 

Radius 1 560 + 10 km 

Density 3 018 ± 35 kg nr 3 

GM 151 3 202.86 + 0.07 km 3 /s 2 

Gravity acceleration at the surface 1.31 m/s 2 

/ 2 l b l 389 ± 39 10- 6 

C/MR 2 M 0.347 

Period of rotation 3.55 days 

Distance to fupiter 0.6709 10 9 m 

Mass of Jupiter 1.905 10 27 kg 

Eccentricity 0.96% 



a G = gravitational constant, M = Europa's mass, 
b ] 2 = constant (see Eq. (10.1)). 

c C = moment of inertia, R = Europa's radius (see Radau formula, Eq. (10.6)). 



The first images of the moon Europa came from the Voyager missions, which reached 
the Jupiter system on 5 March 1979 at a distance of 349 000 km (Voyager 1) and on 
9 July 1979 at a distance of 722 000 km (Voyager 2), before advancing to Saturn, 
Uranus, and Neptune, and further towards the outer edge of the Solar System. The 
Voyager missions were designed to take advantage of a rare geometric arrangement of 
the outer planets in the late 1970 s and the 1980 s that allowed for a four-planet tour at 
a minimum of propellant and trip time. The images of Europa obtained by Voyager 2 
showed a smoothness of most of the terrain and the near absence of impact craters. 
Only three craters larger than 5 km in diameter have been found. 

But most of the information about Europa comes from the Galileo mission, 
which orbited around Jupiter from 8 December 1995 until 28 September 2003. The 
high-resolution images revealed intriguing tectonic features, such as domes, dis- 
rupted blocks, chaotic terrains, and fractures (Figure 10.1). The small number of 
impact craters suggests that Europa's surface has undergone some kind of resur- 
facing by tectonic and/or cryovolcanic processes. 




Figure 10.1 High-resolution image of the 
ice-rich crust of Jupiter's moon Europa, taken by 
the solid-state imaging system on board the 
Galileo spacecraft on 20 February 1997, from a 
distance of 5 340 km during the spacecraft's 
close flyby of Europa. The area shown is about 
34 km by 42 km, centered at 9.4 degrees north 
latitude, 274 degrees west longitude, and the 
resolution is 54 m (Photo credit: NASA/JPL). 
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From an astrobiology point of view, the most interesting feature of Europa is the 
existence of a putative ocean of water. Life on Earth cannot exist without liquid 
water, which represents the major content of all known living organisms. Although 
certain organisms can form highly dehydrated resting stages-for example, spores, 
cysts, or seeds-that allow them to survive unfavorable environmental conditions 
(see Chapter 5), these organisms cannot carry out their whole life cycle in the 
absence of liquid water, which is needed at least for some time to allow metabolism 
and growth. Consequently, places in the Solar System where liquid water exists are 
considered potential targets for astrobiology investigations (see Chapter 6). 

Among the four Galilean satellites, Europa is not the only body possibly harbor- 
ing a significant volume of liquid water. But according to the models, Europa 
represents a single case in which liquid water is in contact with a silicate core (see 
also Chapter 9, Figure 9.1), whereas for Ganymede and Callisto the water layer is 
supposed to be encased between layers of ice. These unique conditions on Europa 
would allow chemical exchanges between the ocean and the rocks of the core, 
thereby providing to this environment a variety of chemicals that might play a role 
in sustaining putative life forms on the ocean floor. A similar situation exists on 
Earth in deep-sea hydrothermal vents, which are known for being inhabited by 
luxuriant communities of different types of organisms (see Chapter 5). 

10.2 

Geology of the Moon Europa 

10.2.1 

Surface Features 

The images acquired by the Galileo mission show very intriguing tectonic features, 
including domes, disrupted blocks, and fractures. Crustal plates ranging up to 
13 km across have been broken apart and "rafted" into new positions (Figure 10.1). 
They superficially resemble the disruption of pack ice on polar seas during spring 
thaws on Earth. The size and geometry of those features suggest that motion was 
enabled by ice-crusted water or soft ice close to the surface at the time of disruption. 

These disrupted blocks, also called "rafts," have been interpreted by two different 
models. One model explains the formation and displacement of blocks as the result 
of a thin, icy crust (less than 2 km) above an ocean (Figure 10.2). The thin crust is 
periodically broken by faults that form in response to the tidal forces resulting from 
Europa's eccentric orbit around Jupiter. The blocks resulting from the faulting of 
the ice crust would then be entrained by the streams of the liquid ocean and move 
relative to each other. Because the surface temperature of about 100 K is much 
below the freezing point, the displacement of the blocks would be limited by the 
rapid freezing of any liquid that would be present between the blocks. Another 
reason for the crust to be disrupted is the possibility of localized sources of heat in 
Europa's silicate layer. It has been proposed that tidal forces would lead to partial 
melting in Europa's silicate layer and volcanism at the silicate-water interface. This 
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scenario is inspired by the one that has been proposed in order to explain Io's very 
active volcanism. In this case, the water would be very hot during a volcanic 
eruption and would rise to the surface, melting the ice crust and inducing strong 
displacements. It must be noted that volcanism is not necessarily required for this 
process. Convection in Europa's silicate layer would create zones of higher temper- 
ature, and percolation of water within the silicates would create conditions favor- 
able for hydrothermalism and subsequent displacement of hot water to the surface. 
Such a scenario is appealing to astrobiology, because the conditions at the silicate- 
ocean interface are very similar to those existing at several places on Earth's 
seafloors. 

An alternative model assumes that the blocks and domes are related to sub- 
solidus (solid-state) convection in the lower part of the crust (Figure 10.3). In this 
model, the domes are explained by the topography resulting from the rising of hot 
subsolidus icy plumes forming at the interface between the liquid layer and the icy 
core. It strongly suggests subsolidus convection in the icy crust. The topography of 
the domes is not well constrained and cannot be used to constrain the character- 
istics of the upwelling plumes. If this is the right explanation for the domes, it 
implies that the thickness of the ice crust is at least 20 km. 

Europa's surface is covered by very long fracture zones, which were observed by 
the Voyager mission. Tidal forces driven by Jupiter have been supposed to be 
responsible for the formation of those cracks. Some cracks form chains of arcs 
that are connected at the cusps. Those cycloidal cracks might be formed in 
response to diurnal variations of the tidal forces. 

The low number of impact craters suggests that Europa's surface is young 
compared to that of the Galilean satellites Ganymede and Callisto. However, it is 
difficult to obtain absolute ages of surfaces from the number of impact craters, 

dynamic uplift melt lens forms, volume decrasse, 

causing cracking subsidence, faulting and 

faulting and doming breakup, brine mobilization, drainage 




Figure 10.2 "Raft" model to explain the surface structures 
of Jupiter's moon Europa with hot water rising from the 
ocean-silicate interface (from Thomson and Delaney 2001). 
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Figure 10.3 Subsolidus convection model for explaining the 
chaotic terrains and the displacement of blocks on Europa's 
surface (modified from Sotin et al. 2002). 



because the cratering rate in the outer Solar System is not well known. Models 
suggest an age of between 10 million years and one billion years for the surface of 
Europa. Another possibility for assessing the age is the erosion rates by sputtering. 
However, these estimates are constrained by the measurements of the H 2 0 escape 
rate during the Galileo mission. If the sputtering has been operating for more than 
one billion years, it should have erased most of the topography; however, this is not 
the case for Europa. The remaining topography of Europa is consistent with an age 
of its surface in the range of some million years. 

There are also a few multi-ringed structures on Europa, such as Tyre and 
Callanish, which are interpreted as impact features. Study of the topographic 
relaxation of those fractures suggests a low viscosity layer at about 5-10 km in 
depth. This layer may be either a liquid layer or a soft ice layer. This interpretation 
of the formation and relaxation of impact craters may be the strongest argument in 
favor of a deep liquid ocean below an icy crust. 

The spacecraft Galileo finally plunged into Jupiter's crushing atmosphere on 21 
September 2003. The spacecraft was deliberately destroyed for planetary protection 
reasons (see Chapter 13). The aim was to avoid a potential crash of the spacecraft 
with the moon Europa, in order to protect the possible ocean beneath the icy crust 
from terrestrial contamination. 

10.2.2 

Composition of the Surface 

Data from the near-infrared mapping spectrometer (NIMS) onboard the Galileo 
spacecraft show that Europa's surface is made mostly of water ice. In order to 
explain the spectra obtained along the cracks, another component must exist in 
addition to water. It has been proposed that this additional component be hydrated 
magnesium sulfate. Such material might have been released by some kind of 
cryovolcanic activity related to the activity of the cracks. 
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10.3 

Internal Structure of the Moon Europa 

The density of Europa, at 3 018 kg m" 3 (Table 10.1), lies between that of Io 
(3 530 kg m~ 3 ) and that of Ganymede (1 936 kg m" 3 ) and Callisto (1 851 kg m~ 3 ). 
Because its surface is made of water ice, Europa is likely composed of a mixture of 
water ice and silicates. Taking Io's density for the density of silicates and a value of 
960 kg m~ 3 for H 2 0 (the latter value is assumed to lie between that of liquid water 
[1 000 kg m~ 3 ] and that of icel [920 kg m" 3 ]), the mass fraction of ice on Europa 
would be only 6%. Another way to interpret the density data is that Europa would 
be made of a rocky core of 1 450 km in radius overlain by a 110-km thick layer of 
H 2 0 (Figure 10.4). 

Additional information about the internal structure of Europa comes from 
magnetic and geodetic measurements during the Galileo mission. Europa has a 
strong inductive magnetic field consistent with an electrically conducting interior 
with a radius equal to nearly the entire radius of the moon. However, it does not 
show any evidence of a permanent dipole. The induction field can be explained by a 
water ocean of similar conductivity to the Earth's oceans, provided this ocean has a 
thickness exceeding 10 km (Figure 10.4). One must note that another explanation 
is the existence of an iron core. At the present time, it is not possible to choose 
between these two options, because the depth of the induced magnetic field cannot 
be determined. 

The gravity potential was measured during the 11 Europa flybys of the Galileo 
mission. The gravity potential can be expressed in spherical harmonics decom- 
position. For flybys such as those realized during the Galileo mission, only degrees 
0 (GM/r) and 2 are kept. The relation is as follows: 




Figure 10.4 Internal structure of Jupiter's 
moon Europa deduced from line-of-sight 
measurements and magnetic field measure- 
ments during the Galileo mission. 
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-J 2 P 2fi (sin(X)) +iz,2 cos{2<^)P 22 {sin(X)) 



(10.1), 



where U is the gravity potential, G is the gravitational constant, M is Europa's 
mass, r is the distance to the center of mass (CoM), cj) is longitude, X is latitude, o e is 
the equatorial radius, J 2 and / 2>2 are constants to be determined, and P 20 and P 2 2 are 
associated Legendre polynomials. Assuming hydrostatic equilibrium, the J 2 value 
is related to the hydrostatic Love number fe s and the periodic Love number fe 2 by the 
following equations: 

J 2 = J 2h + A/ 2 = (1/2 a + 1/3 g) fe s + 3/2 a fe 2 e cos (v) (10.2) 

hi = J2,2h + A/ 2 , 2 = 1/4 a fe s + 3/4 a k 2 e cos (v) (10.3), 

where J 2 h and J 2 ,2h are the hydrostatic parts of the degree 2 coefficients of Eq. (10.1). 
In Eqs. (10.2) and (10.3), e is the eccentricity and v is the true anomaly. The 
coefficients a and q are defined by 

M* fR\ 3 



and 

co 2 i? 3 



GM 



(10.5), 



where M* is Jupiter's mass, D is the mean distance between Europa and Jupiter, R 
is Europa's radius, and at is the rotation period. 

Unfortunately, the flybys did not have a geometry that allowed J 2>2 to be deter- 
mined. Assuming hydrostatic equilibrium, J 2 2 is equal to 0.3 J 2 . With this assump- 
tion, it is not possible to determine the value of the periodic Love number fe 2 . Then, 
the hydrostatic Love number fe s is related to the moment of inertia C about the 
rotation axis by the Radau formula: 



2 2 



MF=3( v 1 -5\/iTfe;i 

Assuming a one-dimensional model (density depends only on radius), the moment 
of inertia can be calculated for a given internal structure by the following equation: 



x 2 dm = — / Q{r)r 4 dr (10.7), 



M ^ JO 



where x is the distance of every elementary mass dm to the axis and q is the density 
that depends on radius (r). In order to build an internal model of Europa, it has 
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Figure 10.5 Variation of the periodic Love number k 2 for models 
with a deep ocean or without an ocean (from Castillo et al. 2000). 

been assumed that the density depends only on the material that composes the 
layer. The variations due to temperature and pressure are negligible compared to 
those induced by the change of material. 

Assuming that the mass M of a celestial body is known, the determination of the 
moment of inertia provides a relationship between the size of the core, its density, 
and the density of the H 2 0 mantle in a model where there are only two layers. 
However, the value found for Europa suggests that an iron core must be present. It 
is consistent with a fully differentiated moon that includes an inner iron-rich core 
(Figure 10.4). 

It must be noted that the presence of an ocean strongly modifies the value of fe 2 
(Figure 10.5). Such a measurement of fe 2 may become possible in a future mission 
to Europa, if the spacecraft orbits around Europa. 



10.4 

Models of Evolution of the Moon Europa 

With the progress made in modeling thermal convection in planetary interiors, 
models describing Europa's thermal evolution have substantially improved in the 
last 20 years. Important improvements include the description of convection for 
complex viscosities by Deschamps and Sotin and information on the coupling 
between orbital characteristics and tidal heating by Tobie and coworkers. Heat 
sources include the heat of accretion, the heat produced by the decay of long-lived 
radiogenic elements, and tidal heating. The amount of tidal heating depends on the 
viscosity (Figure 10.6). The curve in Figure 10.6 has a bell-like shape with a 
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Figure 10.6 Amount of tidal heating versus 
viscosity for the three Galilean satellites Europa, 
Ganymede, and Callisto and for Saturn' moon 
Titan; the horizontal lines represent the amount 
of radiogenic power at present time in each 



10 12 10 13 10 14 10 15 10 16 10 17 10 ia satellite for comparison with tidal heating (from 
Ice viscosity (Pa.s) Sotin and Tobie 2004). 

maximum viscosity around 10 14 Pa s, which is the viscosity of ice close to its 
melting point. The amount of tidal heating is much larger for Europa than that 
for the two Galilean satellites Ganymede and Callisto or for Saturn's moon Titan. It 
may be more than an order of magnitude larger than radiogenic heating. 

The first studies of the internal structure and thermal evolution of icy satellites 
were conducted prior to the Voyager mission in the late 1970 s by Consolmagno and 
Lewis. Subsolidus convection was not considered in those studies, and heat 
produced by the decay of radiogenic elements contained in a differentiated silicate 
core was supposed to be transferred by conduction. In a one-dimensional model, 
the surface heat flux (q s ) is proportional to the temperature gradient (6T/6r) z=0 as 
follows: 

«"hM*L |m8) ' 

where Q is total power and fe is the thermal conductivity that depends on temper- 
ature (Table 10.2). The thickness of the ice crust can be estimated very simply if one 
makes the following assumptions: 

• there is no heat production in the ice crust, 

• thermal conductivity does not depend on temperature, 

• there is equilibrium between the radiogenic heating rate and 
the total heat power released, and 

• the melting temperature is that of pure H 2 0. 



Table 10.2 Thermal properties of ice and silicates. 





Silicate 


Ice 


Mixture of ice and silicates' 3 ' 


Thermal conductivity 


4.2 


0.4685 + 488.12/T 


fs • fc s + (1 - fs) • ki 


(fe in W/m/K) 








Heat capacity (C in J/kg/K) 


920 


185 + 7.037/T 


xs • C s + (1 - xs) • Q 



a Index S stands for silicate, index I for ice. 
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These assumptions lead to a present heat flux around 8 mW m~ 2 , which provides a 
thickness of the ice crust of about 50 km. Subsequent studies by Deschamps and 
Sotin showed that the ice layer would be unstable to convection for such large 
values of the ice crust thickness. 

Up to the mid-1990 s, thermal convection models were calculated using isovis- 
cous scaling laws. Recent progress in the modeling of thermal convection proc- 
esses for fluids having complex viscosity has changed the scaling laws that one 
must apply in order to investigate the cooling rate of a planet. If one ignores the 
possibility of tidal heating, the ice crust can be modeled as a viscous fluid bounded 
by two isothermal boundaries: the surface (T= 100 K) and the ocean (T= T m ). In 
the case of a fluid with only temperature-dependent viscosity, numerical simula- 
tions and laboratory experiments suggest that the amount of heat that can be 
transferred by subsolidus convection is driven by the instabilities, which form in 
the lower (hot) thermal boundary layer. Once stationary convection is reached, the 
thermal boundary layer is characterized by a constant value of the thermal boun- 
dary layer Rayleigh number (Ra XBL ) as follows: 



where 6 is the thickness of the thermal boundary layer, a is the coefficient of 
thermal expansion, (i is ice viscosity, % is thermal diffusivity, and T ice is the 
temperature of the convective ice layer, which is the layer located between the 
two thermal boundary layers. The temperature difference (T m - r ice ) across the 
thermal boundary layer is proportional to a viscous temperature scale (AT^): 



If one knows how ice viscosity depends on temperature, then one can calculate the 
temperature difference across the thermal boundary layer. Heat flux can be 
calculated using a law similar to Eq. (10.8): 



where 6 is the TBL thickness determined by Eq. (10.9) and R m is the radius of the 
liquid-ice interface. Viscosity of ice is the key parameter controlling the amount of 
heat that can be transferred by subsolidus convection. Taking values of 10 14 Pa s for 
the viscosity of ice at its melting point and activation energies of 50 kj per mole 
leads to a freezing of the ocean in less than one billion years for a simple model 
ignoring tidal dissipation. 

If tidal dissipation is taken into account, it happens mostly in the convective layer. 
Because the total amount of heat is controlled by the instability in the top cold 



Ru-tbl = 



«eg(T m - T ice )5 3 



(10.9), 




(10.10). 




(10.11), 



7 0.5 Astrobiological Considerations about Possibilities for Life on the Moon Europa | 263 

boundary layer, the heat flux at the base of the icy crust is limited to the difference 
between surface heat flux and tidal dissipation. This small heat flux prevents Europa 
from freezing completely. Tidal heating in a convective shell explains the presence of 
an ocean within Europa without invoking the presence of antifreeze material such as 
ammonia. The silicate core may eventually heat up if not enough heat can be 
removed through the ice layer. Another interesting feature related to tidal heating, 
as proposed by Sotin's group, is localized heating in upwelling plumes leading to 
partial melting of ice. Because liquid H 2 0 is denser than ice, it creates a depression 
that may explain the chaotic terrains (Figure 10.3). It also generates a negative 
buoyant force that prevents liquids from migrating to the surface. 

The thickness of Europa's ice shell may be subject to changes with time, adjust- 
ing to the decrease in radiogenic heat and, more importantly, to variations in tidal 
dissipation that depend on orbital eccentricity. Although the amount of tidal 
heating depends on the thickness of the ice shell, creating a buffering effect on 
thickness variations, an important consequence of such a thermal-orbital coupling 
is that the thickness of Europa's ice shell may vary between a few kilometers and a 
few tens of kilometers on a time scale on the order of 100 million years. The 
observed diversity of geological surface features on Europa also may be due to these 
time-dependent variations of ice thickness. 

10.5 

Astrobiological Considerations about Possibilities for Life on the Moon Europa 

Astrobiology aims at studying the origin, distribution, and evolution of life in the 
Universe. The major issue is that we, inhabitants of the Earth, only know life on 
our planet. For this reason, the search for life elsewhere in the Universe, and more 
simply in our Solar System, uses life on Earth as a reference (see Chapter 6). In this 
chapter, the knowledge about life on Earth is used for asking the following 
questions: Is or was there life on Europa and, if the answer is yes, why? In this 
study, only small-sized organisms, namely, microorganisms, will be considered, 
because early life forms on Earth also were admittedly represented by microorgan- 
isms (see Chapter 4). However, it is much more difficult to detect such microscopic 
life than large-sized organisms; their detection would probably not be a problem. 

There are plenty of definitions for life on Earth, and this point could be the 
central theme of several books (see Chapter 1). More simply, all organisms living 
on Earth are organized on either a cellular basis-i.e., all animals, plants, and 
microorganisms-or a non-cellular basis-i.e., viruses and prions. All life forms 
are complex assemblages of atoms, particularly C, N, H, O, P, S, K, Mg, Na, Ca, 
and Fe, which constitute the macronutrients. These macronutrients form macro- 
molecules (proteins, lipids, polysaccharides, and nucleic acids), which all contain 
carbon, are solved in water, and are present in all living forms. Water represents an 
ideal biological solvent, because of its polarity and cohesiveness; it is a necessary 
prerequisite for life as we know it. Briefly, life requires, at the very least, liquid 
water and carbon. 
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It is now generally accepted that liquid water may exist on Europa. Therefore, the 
following question now needs to be discussed: What else is required for life? 

Still considering life on Earth as a reference, one can infer that all cellular and 
non-cellular organisms contain at least proteins, which are polymers of amino 
acids, each made of C, H, O, and N (see Chapter 3). Carbon is the major element 
present in large concentrations in all living forms, and one cannot raise the 
question of life on Europa without addressing the availability of carbon. Living 
forms on Earth use relatively simple carbon-containing molecules as a starting 
point to synthesize macromolecules. The carbon source can be carbon dioxide 
(inorganic) and other Q compounds (molecules containing only one atom of 
carbon, such as CO or CH 4 ) or organic carbon (consisting of one or more carbon 
atoms associated with H, O, and N, such as sugars, aldehydes, alcohols, fatty acids, 
amino acids, etc.). 

Although the surface of the ice crust of Europa has been rearranged (and this is 
one of the arguments in favor of a liquid water ocean beneath the ice crust), a few 
impact craters (caused by meteorite impacts) are still visible. Taking into account 
the analysis carried out in many laboratories about the chemical composition of 
meteorites delivered to Earth (see Chapter 3), there is no doubt that organic carbon 
has been delivered to Europa, and probably in rather large amounts, especially if 
one considers the numerous impacts visible on Io, another Galilean satellite. 
Likewise, on early Earth, carbon and other atoms essential for life were delivered 
through meteorite bombardments. 

At this step of considerations, all major ingredients for life are theoretically 
present on Europe. But is that enough? Considering again life on Earth, cellular 
organization prevails, and non-cellular organisms (viruses and prions) depend on a 
cellular host for their replication. A cell is an entity enclosed in a semipermeable 
membrane, which isolates the cell from its environment (including other cells) but 
allows exchange of material with this environment (in both directions, in and out). 
These materials include nutrients and particularly carbon sources but also energy 
sources (see Chapter 5). 

What energy sources are used on Earth by living organisms? The two main 
energy sources are light energy from the Sun and chemical energy. Light emitted 
by the Sun may be converted into chemical energy: it is mostly used for the fixation 
of carbon dioxide and its conversion into organic carbon through photosynthesis. 
This process is used by plants, seaweeds, microalgae, and some bacteria. 

The other energy source is of a chemical nature and is based on the transfer of 
electrons from a reduced compound (electron donor) to an oxidized compound 
(electron acceptor). Both the electron donor and the acceptor are taken by the cells 
from their surrounding environment. The electron transfer from the donor to the 
acceptor takes place within the cell membrane and is accompanied by an extrusion 
of protons. This leads to the formation of a gradient of protons across the 
membrane, with more protons outside than inside. This gradient or proton motive 
force is catalyzed by a specific enzyme, ATPase, which uptakes protons from 
outside to inside and forms ATP (adenosine triphosphate), a highly energetic 
molecule. 
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On Earth, there is a huge diversity of electron donors and acceptors that can be 
used by living organisms, provided they have the suitable set of enzymes, for 
example, electron carriers. Animals use organic molecules as electron donors and 
molecular oxygen as electron acceptor. But microorganisms are more versatile and 
may use hydrogen, sulfur, hydrogen sulfide, ammonium, nitrite, or ferrous iron as 
electron donor, while the electron acceptor may be carbon dioxide, sulfur, sulfate, 
nitrate, or ferric iron, depending on the reduction potential of the compound 
considered. It should be noted that molecular oxygen is not involved in these 
strictly anaerobic reactions, although molecular oxygen is an excellent electron 
acceptor that is used when it exists but is not a prerequisite for life. Indeed, life 
started on Earth well before photosynthetic organisms appeared that eventually 
released oxygen into the environment. 

What kind of energy sources might be available on Europa? They might come 
from outside of the moon by meteorites or from its interior. The latter point will be 
considered in the following. As pointed out in Section 10.3, among the Galilean 
satellites that probably harbor an ocean of liquid water, Europa represents a single 
case where the ocean is in contact with the silicate core. If the temperature of the 
core is high and reaches up to its surface, then these conditions might foster the 
formation of hydrothermal circulations. 

On Earth, such hydrothermal vents have been discovered since 1977 in many 
places of the oceans and particularly along oceanic ridges. In these tectonically 
active areas, seawater penetrates through cracks of the seafloor and approaches the 
magma chamber. At elevated temperatures, seawater interacts with the rocks. This 
leaching process enriches seawater with various inorganic compounds such as 
hydrogen, hydrogen sulfide, carbon monoxide, carbon dioxide, methane, and other 
small molecules. After a complex circulation, the hot fluid eventually vents out. 
This fluid is different from seawater because it contains various new chemicals, 
and it is lighter than seawater because density decreases with temperature. From a 
biological point of view, it is noteworthy that this fluid delivers into the ocean a 
plume of chemicals that may serve as electron donors and acceptors. A variety of 
microorganisms, Bacteria and Archaea (see Chapter 5), utilize these compounds 
for their energy metabolism and thrive optimally at those deep-sea hydrothermal 
vents. Furthermore, it has been proposed that some organic synthesis might occur 
under hydrothermal conditions through Fischer-Tropsch reactions, thereby pro- 
viding an additional source of organic carbon (see Chapter 3). 

At this point of the considerations, one may anticipate that the moon Europa 
might possess the major requirements for life, namely, liquid water, inorganic and 
organic carbon, and chemical energy sources. Similar ingredients were also avail- 
able on the early Earth, when life started there (see Chapter 3). In the following, the 
putative environment of Europa is considered, and again life on Earth is taken as 
reference. 

Organisms on Earth are dependent on the physicochemical conditions of their 
environment, in addition to the basic requirements of liquid water, carbon, and 
energy sources. Major parameters of potential influence are temperature, salinity, 
pH, and hydrostatic pressure. Those parameters also may be relevant in the context 
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Figure 10.7 Rates of physically absorbed radiation doses, sepa- 
rate contributions of electrons and photons (bremsstrahlung), at 
the surface of Jupiter's moon Europa and below varying thick- 
nesses of ice (from Baumstark-Khan and Facius 2002). 

of Europa. High intensities of ionizing radiations, generated by the intense 
radiation belts of Jupiter, are also experienced at the surface of Europa, but because 
of the thickness of several kilometers of the ice crust, the ocean below is well 
protected from those radiations (Figure 10.7). 

The temperature of the upper layers of the Europan ocean, that is, the boundary 
to the ice crust, should not be very different from 0°C, depending on the chemical 
composition of the ocean; but it might be more elevated in the deepest parts, 
especially if the anticipated hydrothermal circulation exists. The salinity and pH of 
the ocean are also determined by its chemical composition. According to different 
models, the Europan ocean is probably salty, and the pH may be either acidic or 
alkaline. Finally, because of Europa's low gravity (Table 10.1), the depth of the 
ocean of about 100 km would not result in a very high hydrostatic pressure at its 
bottom. Pressures should not exceed 100 MPa. 

On Earth, environmental parameters as described above for Europa's ocean are 
compatible with those supported or even required by a group of organisms called 
"extremophiles" (see Chapter 5). Concerning temperatures, it is well known that at 
very low temperatures macromolecules and even whole cells are preserved. For 
instance, gametes and embryos from mammals, seeds, or bacteria are commonly 
preserved in liquid nitrogen at -196 °C. A temperature of -12 °C has been identified 
as the lower limit for growth of certain microorganisms isolated from permafrost; 
but many microorganisms, bacteria as well as algae, are still able to metabolize and 
grow at temperatures close to 0°C. At the top of the temperature scale, 113 °C is the 
maximum temperature for growth, as demonstrated by Pyrolobus fumarii, an 
Archaea isolated from a deep-sea hydrothermal vent. This organism grows opti- 
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mally at 110°C and is capable of surviving two hours in an autoclave under 
conditions that are commonly used for sterilization. 

Elevated salt concentrations, up to 5.5 M (for instance, 32% NaCl), still allow 
growth of Archaea, which are called "extreme halophiles." For optimal growth 
these organisms usually require concentrations of 1.5—4.0 M of salts, which corre- 
sponds to 9-23 % NaCl. In many cases, Na + ions constitute the brines, but Mg 2+ or 
Ca 2+ ions also occur. 

With regard to pH values, acidophilic microorganisms grow at low pH and even 
close to pH 0, for instance, the microorganism Picrophilus oshimae. Other bacteria 
and algae are adapted to grow at pH values around 11. These are called "alka- 
liphiles." 

The hydrostatic pressure of about 100 MPa that is anticipated to prevail at the 
bottom of Europa's ocean corresponds to the pressure in the deepest trenches of 
Earth's oceans, for instance, 110 MPa at 11 000 m depth. Microorganisms have 
been isolated from such high-pressure environments, and some microorganisms 
appear to require pressures of least 40 MPa to start growth. 

Considering the conditions that are expected for Europa's ocean (i.e., the avail- 
ability of liquid water and carbon and energy sources and the physicochemical 
parameters), they are compatible with conditions that sustain life as we know it on 
Earth. These are arguments that justify proceeding with the search for life in that 
distant ocean. Of course, those conditions are still to be proven definitely, but the 
perspectives are a great challenge for future space missions to the Jovian system 
and especially to its moon Europa. 

10.6 

Summary and Conclusions 

The discovery of an ocean on the Jovian moon Europa would be a major discovery 
of planetary exploration. It will be a major step toward the questioning of habit- 
ability of satellites and planets and a first step to the question of life wherever there 
is water. The results of the Galileo mission suggest that such an ocean may be 
present on Europa. However, each piece of evidence, taken separately, can be 
explained without the presence of an ocean. The ocean hypothesis is also strongly 
supported by models describing Europa's thermal evolution and its relationships 
with surface features. Europa is unique among the icy satellites because the liquid 
H 2 0 layer, if present, would be in contact with the silicate core. The conditions at 
the core-ocean interface would be similar to those existing at the terrestrial ocean 
seafloor, where living organisms develop without using any solar energy. Although 
it is very tempting to imagine that Europa's silicate core is volcanically active like 
that on Io, recent calculations on tidal dissipation suggest that there is not enough 
dissipation energy deposited in the silicate layer for silicates to reach their melting 
point. The potential presence of liquid water and volcanism puts Europa on the list 
of possible life-bearing bodies, though the probability is very low. On the one hand, 
the presence of an ocean is very likely, but on the other hand, siliceous volcanic 
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activity is not predicted by current models. We lack measurements that would 
provide a definitive answer to these questions, and future missions will be devel- 
oped to acquire such data. 

10.7 

Outlook and Plans for Future Missions 

Jupiter's moon Europa belongs to the family of icy satellites. Two features make it 
special in this family. First, the small amount of H 2 0 makes possible an interface 
between liquid water and a silicate core. Second, the Laplace resonance maintains a 
high eccentricity that is responsible for the large amount of tidal heating. Calcu- 
lations predict that tidal heating is mostly localized in the ice shell and that the 
amount is much larger than radiogenic heating. Tidal heating may prevent the 
total freezing of the satellite and would explain the presence of a liquid layer as 
suggested by the magnetic data. Europa may be the only place beyond Earth in the 
Solar System where a silicate-ocean interface exists. At this interface, conditions 
are close to those existing on Earth's seafloors. One important difference may be 
the lack of silicate volcanism at this interface. The only argument for the absence of 
volcanism comes from numerical modeling. It would be important to acquire data 
that can constrain such thermal evolution models. 

Several arguments exist in favor of space missions dedicated to the search for life 
on Europa, and such a mission has been recommended to space agencies, partic- 
ularly by the U. S. Academy of Sciences and in Europe by several assemblies, 
including the European Astrobiology Network Association (EANA). Several sce- 
narios have been studied, from a simple orbiter to a lander including a cryobot, 
which is a vehicle able to reach the ocean and sample it after drilling 10 km through 
the ice crust. Novel data about Europa will obviously depend on the available 
technology and associated costs. 

An orbiter mission to Europa should be able to map the surface with high 
resolution, to determine the thickness of the ice crust, and to definitively prove 
(or disprove) the existence of an ocean. Additional data on the contact region 
between the deep ocean and the core should be provided, as well as on the chemical 
composition of the surface ice with regard to the occurrence of inorganics, organ- 
ics, and volatiles. 

Finally, a landing mission would provide contact access to the surface and would 
allow ice sampling and analysis. However, because of the intense radiations at the 
surface of Europa (Figure 10.7), it would be necessary to have access to the ice 
subsurface of 1-2 m to reach areas that are protected from radiations. 

Without a lander, it would still be possible to assess the presence of an ocean by 
measuring the gravity potential and the variations of Europa's equatorial radius as 
a spacecraft orbits around Jupiter (Figure 10.5). The thickness of the ice crust may 
be more difficult to measure. A laser altimeter would measure the topography of 
geological features, which would allow geologists to better assess the time of 
formation of the different geological structures that pave Europa's surface. Finally, 
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infrared spectrometry and measurements of ions and neutrals along the orbit 
should allow determination of both the molecular and the elementary composition 
of the surface. Gravity potential measurements should allow determination of 
lateral mass variations in the silicate core if it has been subject to partial melting 
and volcanism. Such information would be important for assessing the possibility 
of life at the interface between the liquid layer and the silicate core. 
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70.9 Questions for Students 

10.8.3 
Web Sites 

http://www2.jpl.nasa.gov/galileo/europa/ 



10.9 

Questions for Students 

Question 10.1 

Knowing Europa's mass and assuming chondritic concentrations in radiogenic 
elements, determine the heat power provided by the decay of radiogenic species. If 
Europa is neither cooling nor heating up, determine the heat flux at the surface. 
Determine the thickness of the ice layer if the melting temperature is 270 K and the 
heat conductivity described by fe = 600/T where Tis in K and k in W/m/K. 

Question 10.2 

Knowing the mass and the moment of inertia of Europa, draw the relationship 
between the density of the silicate mantle and the density of the H 2 0 layer. 
Comment on this curve. 

Question 10.3 

Determine the amount of heat that can be removed by convection if the ice layer 
can convect. Take a viscosity of ice at its melting point equal to 10 14 Pa s and an 
activation energy of 60 kj mol" 1 . Different viscosities at the melting point can be 
taken in order to investigate the effect of this parameter. 
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Astrobiology Experiments in Low Earth Orbit: Facilities, 
Instrumentation, and Results 

Pietro Baglioni, Massimo Sabbatini, and Gerda Homeck 

This chapter introduces the space environment in Earth orbit with 
emphasis on those parameters of outer space that are of interest to 
astrobiology. Facilities and scientific instrumentation to tackle 
astrobiological questions in Earth orbit are described. They include 
exposed experiment facilities on the International Space Station 
and on the retrievable satellite Foton. These facilities are also used 
as examples to describe the constraints that instrument developers 
and experimenters have to face when developing hardware for 
space missions. The chapter concludes with results obtained from 
exposure experiments in Earth orbit. 



n.i 

Low Earth Orbit Environment, a Test Bed for Astrobiology 

Our biosphere has evolved for more than 3 billion years under the protective 
blanket of the Earth's atmosphere, which shields terrestrial life against the hostile 
environment of interplanetary space. Space technology has now provided the tools 
for transporting terrestrial organic matter or organisms beyond this protective 
shield in order to study in situ their responses to selected conditions of space. 

It was nearly 50 years ago that the first-ever manmade object reached outer space: 
the satellite Sputnik was launched by the USSR on 4 October 1957. Sputnik's radio 
signals, just simple "beeps," were rebroadcast by television and radio stations 
around the world and immediately captured the public's imagination. This was 
the initiation of the space age. One month later, on 3 November 1957, with Sputnik 
II, the dog Laika became the first animal sent to space. Less than four years later, 
on 12 April 1961, Yuri A. Gagarin became the first human to be launched into 
space, with the Soviet Vostok spacecraft, and made one elliptical orbit (181 km 
perigee, 327 km apogee) of the Earth in 89 min at an inclination of 65°. At that 
time, the space race between the U. S. and the USSR began, culminating in the 
U. S. landing of Apollo 11 on the Moon in June 1969. 
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However, in the cases mentioned above, the biological systems, including 
humans, were protected from most of the hostile parameters of space, either by 
containment within a space capsule, which is a pressurized module with an 
efficient life support system (LSS), or at least by a space suit during extravehicular 
activity. In these cases, the only space parameters of interest, or concern, were 
microgravity and radiation. 

Alternatively, if arriving in space without any protection, living beings are 
confronted with an extremely hostile environment, characterized by a high vac- 
uum, an intense radiation field of solar and galactic origin, and extreme temper- 
atures (Table 11.1). This environment, or selected parameters of it, is the test bed 
for astrobiological investigations, thereby exposing chemical or biological systems 
to selected parameters of outer space or defined combinations of them. 



Table 11.1 Parameters of the environment of interplanetary 
space, of low Earth orbit, and of space simulation facilities that 
are relevant for astrobiological experiments. 



Space parameter 



Interplanetary space Low Earth orbit Simulation facility 



Space vacuum 

Pressure (Pa) 

Residual gas (part cm -3 ) 



io- 14 

1 



Solar electromagnetic radiation 

Irradiance (W rrr 2 ) 
Spectral range (nm) 

Cosmic ionizing radiation 

Dose (Gy year -1 ) 
Temperature (K) 
Microgravity (g) 



Different values^' 
Continuum 

< O.lM 

>4 [b] 

< 10" 6 



io-'-io- 4 

10 4 -10 5 H 
10 4 -10 6 He 
10 3 -10 6 N 
10 3 -10 7 O 

1360 

Continuum 

400-10 000 [el 
Wide range' b ' 
IQ-'-lO" 6 



Different values' 3 



Different values' 0 ' 
Different spectra' 11 ' 



Wide range' c ' 
Wide range' c ' 
0-1 000 



a Depending on pumping system and requirements of the experimenter. 

b Varying with orientation and distance to Sun. 

c Depending on the radiation source and filter system. 

d Varying with shielding, highest values at mass shielding of 0.15 g cm -2 . 

e Varying with altitude and shielding, highest values at high altitudes and shield of 0.15 g cm" 



Most of these studies were done in low Earth orbit (LEO), which reaches an altitude 
of about 450 km. At this altitude, it takes about 90 min for a spacecraft to complete 
an orbit around the Earth. At an inclination of 52-62°, which is that of the orbit of 
the International Space Station (ISS) - two consecutive orbits are about 2 200 km 
apart (because of the progression of the Earth's rotation). Hence, for Earth obser- 
vation purposes, these orbits cover most of the more inhabited areas of the globe. 
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In order to understand the physical parameters imposed on astrobiological test 
systems, it is first necessary to understand the space environment itself. The 
environment in LEO is characterized by an intense radiation climate, a high 
vacuum, and extreme temperatures. 

11.1.1 

Cosmic Radiation Field in LEO 

Planets and moons of our Solar System are exposed to a complex radiation field of 
galactic and solar origin (Fig. 11.1). Galactic cosmic radiation (GCR) originates 
outside of our Solar System in previous cataclysmic events, such as supernovae 
explosions. When it enters our Solar System, its energies must be high enough to 
overcome deflection by the magnetic fields of the Solar System. Solar cosmic 
radiation (SCR) consists of two components, the low-energy solar wind particles 
that flow constantly from the Sun and the highly energetic solar particle events 
(SPE) that are emitted from magnetically disturbed regions of the Sun in sporadic 
bursts. 

The surface of the Earth is largely spared from these cosmic radiations because of 
the deflecting effect of the Earth's magnetic field and the huge shield of 1 000 g m" 2 
provided by the atmosphere. The terrestrial average annual effective dose equiv- 
alent from cosmic rays amounts to 0.30 mSv, which is about 100 times lower than 
that experienced in LEO. 

Sievert (Sv) is a measure of the dose equivalent, i.e., the biologically effective dose 
of radiation. It is the product of a quality factor specifying the biological effective- 
ness of a certain radiation quality and the absorbed dose. The absorbed dose is 




Fig. 11.1 Space radiation sources of our Solar System. 
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measured in Gray (Gy), with 1 Gy being equal to the net absorption of 1 J in 1 kg of 
material (water). In relation to the previously used unit rad, 1 Gy is equal to 100 rad. 

11.1.1 .1 Galactic Cosmic Radiation 

Detected particles of GCR consist of 98% baryons and 2% electrons. Taking the 
baryonic component as 100%, then it is composed of 85% protons (hydrogen 
nuclei), with the remainder being alpha particles (helium nuclei) (14%) and 
heavier nuclei (about 1%). The latter component comprises the so-called HZE 
particles (particles of high charge Z and high energy), which are defined as cosmic 
ray nuclei of charges Z >2 and of energies high enough to penetrate at least 1 mm 
of spacecraft or of spacesuit shielding. Though they contribute to only roughly 1 % 
of the flux of GCR, they are considered a potential major concern to living beings in 
space, especially for long-term missions at high altitudes or in high-inclination 
orbits or for missions beyond the Earth's magnetosphere. Reasons for this concern 
are based, on the one hand, on the inefficiency of adequate shielding and, on the 
other hand, on the special nature of HZE particle-produced lesions (explained in 
Section 11.4.3.3). The fluence of GCR is isotropic and energies up to 10 20 eV may 
be present. When GCR enters our Solar System, it must overcome the magnetic 
fields carried along with the outward-flowing solar wind, the intensity of which 
varies according to the about 11-year cycle of solar activity (Fig. 11.2). With 
increasing solar activity, the interplanetary magnetic field increases, resulting in 
a decrease in the intensity of GCR of low energies. This modulation is effective for 
particles below some GeV per nucleon. Hence the GCR fluxes vary with the solar 
cycle and differ by a factor of approximately five between solar minimum and solar 
maximum, with a peak level during minimum solar activity and the lowest level 
during maximal solar activity. 

The fluxes of GCR are further modified by the Earth's magnetic field. Only 
particles of very high energy have access to low-inclination orbits. At the poles, 
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Fig. 11.2 Eleven-year cycle of solar activity; the solar proton 
fluxes are superimposed to the sunspot numbers. 
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particles of all energies can impinge in the direction of the magnetic field axes. 
Because of this inclination-dependent shielding, the number of particles increases 
in LEO from lower to higher inclinations. 

11.1.1 .2 Solar Cosmic Radiation 

Our sun emits two types of radiation: (1) low-energy solar wind particles (mainly 
protons) that flow constantly from the sun and (2) the so-called solar particles 
events (SPEs) that originate from magnetically disturbed regions of the sun, which 
sporadically emit bursts of charged particles with high energies (Figs 11.1 and 
11.2). These latter events are composed primarily of protons, with a minor 
component (5-10%) being helium nuclei (alpha particles) and an even smaller 
part (1 %) heavy ions and electrons. SPEs develop rapidly and generally last for no 
more than a few hours; however, some proton events observed near Earth 
continued over several days. The emitted particles can reach very high energies, 
up to several GeV. In a worst-case scenario, doses as high as 10 Gy could be 
received within a short time, which is dangerous to both the spacecraft electronics 
and the astronauts. Such strong events are very rare, typically occurring about one 
time during the 11-year solar cycle. Although SPEs frequently occur during solar 
maximum (Fig. 11.2), they have rarely been observed at other intervals of the solar 
cycle. The next solar cycle (cycle 24) will peak around the year 2010. Spacecraft in 
LEO are largely protected from SPEs because the Earth's magnetic field provides a 
latitude-dependent shielding against SPEs. Only in high-inclination orbits do 
SPEs create a hazard to humans in space, especially during extravehicular activ- 
ities. The mechanism is the same as for GCR: particles of all energies can impinge 




Fig. 11.3 Effect of solar wind on the Earth's magnetosphere. 
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LONGITUDE (deg) 



Fig. 11.4 Polar horns and South Atlantic Anomaly, regions 

of elevated radiation doses in low Earth orbit at 28°, 57° and 90° 

inclination; numbers give doses at an altitude of 500 km behind 

0.2 g cm" 2 aluminium shield (100 is equal to approximately 

860 mGy perday) (source: http://parts.jpl.nasa.gov/mmic/10.pdf). 

in the direction of the magnetic field axes. Hence, equatorial orbits provide the 
highest radiation protection. 

11.1.1.3 Radiation Belts 

In LEO, in addition to GCR and solar cosmic radiation (SCR), the radiation field 
comprises a third source of radiation: the van Allen Belts, which result from the 
interaction of GCR and SCR with the Earth's magnetic field and with the atmos- 
phere. Above all, electrons and protons and some heavier ions are trapped by the 
geomagnetic field in closed orbits around the Earth (Fig. 11.3). These particles 
form two belts of radiation, an inner and an outer one, which differ in their type of 
formation. The main production process for the inner belt particles is the decay of 
neutrons produced in cosmic particle interactions with the atmosphere. The outer 
belt consists mainly of trapped solar particles. In each zone, the charged particles 
spiral around the geomagnetic field lines and are reflected back between the 
magnetic poles, acting as mirrors. Electrons reach energies of up to 7 MeV and 
protons up to about 200 MeV. The energy of trapped heavy ions is less than 
50 MeV. The trapped radiation is also modulated by the solar cycle: proton intensity 
decreases with high solar activity, while electron intensity increases, and vice versa. 

For space missions in LEO, depending on the orbit parameters and flight data, 
radiation doses in the range of 20 mSv per month may be received. Of special 
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importance is the so-called South Atlantic Anomaly (SAA), where the fringes of 
the inner proton radiation belt reach down to altitudes of 400 km (Fig. 11.4). 
This behavior reflects the displacement of the axis of the geomagnetic (dipole) 
field by about 450 km with respect to the axis of the geoid (rotation axis), with a 
corresponding distortion of the magnetic field. This SAA region accounts for 
the dominant fraction - up to 90 % - of the total radiation exposure of spacecraft 
in LEO. 

11.1.2 

Solar Extraterrestrial UV Radiation 

The spectrum of solar electromagnetic radiation spans over several orders of 
magnitude, from short-wavelength X-rays to radio frequencies. At the distance of 
the Earth (1 astronomic unit = 1 AU), solar irradiance amounts to 1 360 W m~ 2 , the 
solar constant. Of this radiation, a large fraction is attributed to the infrared fraction 
(IR: >800 nm) and the visible fraction (VIS: 400-800 nm) and only about 8% to the 
ultraviolet range (UV: 100-400 nm). 

On its way through the Earth's atmosphere, solar electromagnetic radiation is 
modified by scattering and absorption processes. Of special interest is solar UV 
radiation, because it has a high impact on the health of our biosphere. During the 
first 2.5 billion years of Earth's history, UV radiation of wavelengths >200 nm 
reached the surface of the Earth because of lack of an effective ozone shield. 
Following the rapid oxidation of the Earth's atmosphere about 2.1 billion years 
ago, photochemical processes in the upper atmosphere resulted in the buildup of a 
UV-absorbing ozone layer in the stratosphere. Today, the stratospheric ozone layer 
effectively absorbs UV radiation at wavelengths shorter than 290 nm (Fig. 11.5). 




Wavelength (nm) 

Fig. 11.5 Spectrum of solar UV radiation: extraterrestrial, at the 
surface of the early Earth (the first 2.5 billion years), at the surface 
of the present Earth, and spectral UV sensitivity of the genetic 
material DNA. 
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The spectrum of extraterrestrial solar UV radiation has been measured during 
several space missions, such as Spacelab 1 and the European Retrievable Carrier 
(EURECA) mission. It can be divided into three spectral ranges: UV-C 
(200-280 nm), contributing 0.5%; UV-B (280-315 nm), contributing 1.5%; and 
UV-A (315-400 nm), contributing 6.3% to the whole solar electromagnetic spec- 
trum. UV radiation of wavelengths shorter than 200 nm, which is absorbed by the 
molecules of the atmosphere, belongs to the vacuum UV. Although the UV-C and 
UV-B regions make up only 2 % of the entire solar irradiance prior to attenuation 
by the atmosphere, they are mainly responsible for the high lethality of extrater- 
restrial solar radiation to living organisms (see Section 11.4). The reason for 
extraterrestrial solar UV radiation's high lethality - compared to conditions on 
Earth - lies in the absorption characteristics of DNA, which is the decisive target for 
inactivation and mutation induction by UV (Fig. 11.5). Its absorption maximum 
lies in the UV-C range. If photons of this UV range are absorbed, they induce a 
variety of photochemical reactions of the nucleic acid bases, such as dimerization 
of adjacent pyrimidine bases. If not properly repaired, these photoproducts in the 
DNA lead to mutation or even inactivation of the cells. 

11.1.3 

Space Vacuum 

In free interplanetary space, pressures down to 10~ 14 Pa prevail. Within the vicinity 
of a body in space, the pressure may significantly increase due to outgassing. In 
LEO, pressure reaches 10" 6 to 10" 4 Pa. The major constituents of this environment 
are molecular oxygen and nitrogen as well as highly reactive oxygen and nitrogen 
atoms. In the vicinity of a spacecraft, the pressure further increases, depending on 
the degree of outgassing. For example, in the Shuttle cargo bay, a pressure of 
3 x 10~ 5 Pa was measured. 

If the pressure reaches values below the vapor pressure of a certain material, the 
material's surface atoms or molecules vaporize. Dehydration is the main process 
affecting biological samples in outer space. In addition to moisture, sealants, 
lubricants, and adhesives are the main substances that outgas from spacecraft. 
However, even metals and glasses can release gases from cracks and impurities. 
These gas products may condense again onto optical elements, thermal radiators, 
or solar cells, thereby obscuring them. 

11.1.4 

Temperature Extremes 

In space, the temperature of a body, which is determined by the absorption and 
emission of energy, depends on its position with respect to the Sun and other 
orbiting bodies, as well as on its surface, size, mass, and albedo (reflectivity). In 
LEO, the energy sources include solar radiation (1 360 Wm~ 2 ), the Earth albedo 
(480 W m~ 2 ), and terrestrial radiation (230 W m" 2 ). Periodically, an orbiting object 
can be shaded from the sun as it passes on the Earth's night side. Within an orbit 
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lasting 90 min, the spacecraft is exposed to the sun for about 60 min and moves 
into the Earth's shadow for the residual 30 min. Therefore, in LEO, the temper- 
ature of a body can reach both extremely high and extremely low values within 
90 min. For the International Space Station (ISS), tolerable temperature limits are 
defined as +120 °C being the highest value and -120 °C being the lowest. 

There are at least five elements that influence the temperature a biological 
sample experiences in space: 

• inclination of the orbit, 

• experiment view angle relative to the Sun, 

• absence of convection resulting from microgravity condi- 
tions, 

• extent of conduction, which is influenced by the thermal link 
between experiment and spacecraft interface, and 

• extent of radiation, which is influenced by the vicinity to other 
payloads on the spacecraft. 

11.1.5 

Microgravity 

Because of the presence of masses in our Universe, true zero gravity does not 
exist, and even within the ISS at an altitude of 350 km, the level of gravity is only 
about 8% less than the gravitational field at the Earth's surface. In order to 
achieve a condition of reduced gravity, the spacecraft has to be accelerated so that 
the gravitational force and the centrifugal force are equal in amount but with 
opposite vectors. Actually, the spacecraft is in a state of freefall. The resulting 
acceleration condition is called "microgravity," because a residual acceleration in 
the range of 10^* to 10" 5 g cannot be excluded. Compared to the "gravity environ- 
ment" on Earth, various physical phenomena behave differently in the theoretical 
state of zero acceleration. Sedimentation, hydrostatic pressure, and convection are 
linearly proportional to gravity and therefore become zero in weightlessness; 
however, diffusion still persists in microgravity. Several experimental and tech- 
nical designs have been developed to study the effect of acceleration on the 
physiology of living systems and thus identify potential problems during long- 
term space flight. 

11.2 

Astrobiology Questions Tackled by Experiments in Earth Orbit 

Space technology has opened a new opportunity for life sciences by providing the 
vehicle to transport terrestrial organic matter or organisms beyond the protective 
blanket of our atmosphere in order to study in situ their responses to selected 
conditions of space. Since the 1980 s, with the accessibility of Spacdab, the free- 
flying satellite European Retrievable Carrier (EURECA), and the Russian Cosmos and 
Foton satellites, the European Space Agency (ESA) has provided opportunities for 
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experiments in Earth orbit. By utilizing outer space or special components of this 
environment as a tool, specific questions of astrobiology were tackled. These 
studies include but are not limited to: 

• the understanding of the relevance of extraterrestrial organic 
molecules to the delivery of the building blocks of life on 
Earth or on any other planet; 

• the understanding of the role of solar extraterrestrial UV 
radiation and cosmic radiation in the evolution of potential 
precursors of life in space; 

• the reproduction of processes dealing with the prebiotic and 
biological evolution on Earth or any other celestial body of 
astrobiological interest; 

• the likelihood of interplanetary transfer and the limiting 
factors of panspermia, the hypothesis of the distribution of 
life beyond its planet of origin; 

• the simulation of the UV radiation climates of the early Earth 
or present Mars in order to assess their habitability; 

• estimations on the upper boundary of the biosphere; and 

• concepts of suprathermal reactions in space. 

11.3 

Exposure Facilities for Astrobiology Experiments 

Following increasing requests from the scientific community to acquire data on the 
effects of the space environment on biological and material/component samples, 
the ESA promoted in the early 1990s the development of BIOPAN, a multi-user 
multi-mission facility conceived for space exposure recoverable experiments of 
short durations (two weeks). Provided with its own heat shield, a hinged motor- 
driven lid, and a package of scientific sensors, it has been flown six times already, 
experiencing only one mishap in 2002 with the Foton Ml launch accident. It has a 
very good record of completed experiments, and a valuable amount of data has 
been collected so far. One more flight is currently planned in 2007 with Foton M3. 

Another multi-user exposure facility, EXPOSE, is being developed at the time of 
this writing (2006). It is designed for the outer platforms of the International Space 
Station (ISS) and supports long-duration experiments (one to three years). Two 
attachment points are foreseen for EXPOSE: 

• one of the external platforms of the European Columbus 
module as part of the European Technology Facility (EUTEF) 
and 

• the URM-D platform, an external ISS facility at the Russian 
Zvezda module. 

A more intensive utilization of these facilities is envisaged in the future in support 
of the new ESA Exploration Program. 
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11.3.1 
BIOPAN 

BIOPAN is based on the heritage of a low-tech Russian exposure container called 
KNA (Kontejner Nauchnoj Apparatury: Container of Scientific Equipment). KNA, 
used by the ESA for radiobiological experiments on three Russian BION missions 
in 1987, 1989, and 1992, was a passive experiment container with a hinged lid. The 
lid was open during launch - with the experiments protected only by the nose 
fairing of the launcher - and during orbital flight. Before landing, the spring- 
loaded lid was closed so that the experiments were safely stored during reentry. 

The lessons the ESA learned from KNA directly resulted in the concept of 
BIOPAN. Although some basic characteristics of KNA were maintained (a pan- 
shaped structure, a movable lid, experiment positions in the bottom part and in the 
lid), BIOPAN is much more advanced in terms of versatility, controllability, size, 
experiment accommodation, and data acquisition. In BIOPAN, the lid is opened 
and closed by telecommand, housekeeping status data are down-linked during the 
flight, the space environment is monitored by a set of integrated sensors, and 
unwanted temperature excursions in orbit can be countered by active means 
(heaters), by passive means (insulation blankets), or by closing the lid. 

BIOPAN hosts exobiology, radiobiology, and materials science experiments, 
aimed at evaluating the combined or individual effects of solar UV light, space 
radiation, vacuum, extreme temperatures, and microgravity on biological samples, 
materials specimens, and electronic components. 

After a successful test flight in 1992, BIOPAN completed four operational 
missions in 

• 1994 (Foton 9), 

• 1997 (Foton 11), 

• 1999 (Foton 12), and 

• 2005 (Foton M2). 

In 2002 a flight unit (flying as BIOPAN-4) was lost in the Soyuz launch failure of 
Foton Ml. A seventh flight with an upgraded version of BIOPAN is scheduled for 
late 2007, onboard the Russian Foton M3 satellite. 

1 1 .3.1 .1 Technical Characteristics of BIOPAN 

BIOPAN is a 27-kg experiment container, designed to fly with Russian spacecraft 
of the Foton class (Fig. 11.6). The first Foton was successfully flown in 1985. The 
satellite, typically launched with a Soyuz U vector, consists of three modules: 

• the descent module, 

• the battery pack, and 

• the attitude control module. 

The descent module is a pressurized spherical capsule where most of the scientific 
payloads are accommodated. Foton is capable of carrying up to 600 kg of scientific 
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payload, with an average daily power budget available to the scientific payloads of 
400 W (on a typical two-week mission). The residual acceleration levels onboard are 
between lO^g and 10~ 6 g. Protected by a heat shield, the pressurized spherical 
capsule is the only part of the satellite returning to Earth at the end of the mission. 
The payload is then retrieved and returned to the investigators within two days after 
landing. 

BIOPAN is mounted onto the external surface of the descent module (Fig. 11.7), 
protruding from the thermal blanket, which is wrapped around the satellite shortly 
before launch. Power and data links are provided via cables whose connectors are 
strapped away at the separation of the satellite modules during atmospheric 
reentry. An internal battery provides energy to BIOPAN subsystems from the 
reentry phase onwards. 

The upper shell of the container is a motor-driven lid, which, once in orbit 
(typically a few hours after liftoff, depending on the experiment requirements), 




Fig. 11.7 Installation of BIOPAN onto the 
descent module of the satellite Foton, during 
the pre-launch operations (photo credit: ESA). 
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Fig. 11.8 Configuration of BIOPAN. Drawing (a) and photo (b) 
of BIOPAN fully open with the experiment hardware integrated, 
before flight (courtesy of ESA). 

turns open at 180°, allowing the experiment samples be exposed to the space 
environment (Fig. 11.8). 

At the end of the mission the lid is closed again by telecommand sent from 
ground, although a pre-programmed internal backup command ensures the prop- 
er execution in case of communication problems. In nominal operations, the lid 
remains open throughout the entire mission and is closed just before reentry of the 
capsule. To withstand the extreme heat during reentry, the entire BIOPAN struc- 
ture is protected by an ablative heat shield of the same kind used for the capsule 
itself. For the safety of the facility and its closing device, the closure of the lid also 
may occur in orbit in case of temperatures exceeding the nominal range. 

BIOPAN is provided with a variety of sensors to monitor and record the 
environmental history of the mission. Included are a UV sensor, a radiometer, 
an active radiation dosimeter, and a set of eight thermistors to measure the 
experiment temperatures at different locations. The sensor data are stored onboard 
during flight. Electrical heaters and experiment-customized thermal blankets 
(multilayer insulators) are used to keep the biological specimen within pre-deter- 
mined temperature ranges and to provide minimum shielding against soft cosmic 
radiation. 



1 1 .3.1 .2 Experiment Hardware Accommodated within BIOPAN 

The experiment packages - up to a total mass of 4 kg, a maximum height of 
50 mm, and a total available surface area of 1 100 cm 2 - can be individually 
designed by the investigators. They are installed on two mounting plates, one in 
the bottom part and one in the lid (Fig. 11.8). The research covers different 
scientific and technical fields, from astrobiology (see Section 11.4) and materials 
science to components tests and validation. In Tables 11.2 to 11.4, experiments are 
listed that so far have been flown on BIOPAN/Foton missions. 
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Table 11.2 Foton/BIOPAN missions since 1992. 



Mission 



Year Payload 



En+nvt C/ RinDAM/1 
rOWn-oj ul\Ji /\fN-U 


1 GOT 
ly yL 


Test flight with non-ESA-sponsored experiments 


C n fnn Ql RTOPAM 1 
ruwn-yf JJIU1 rtrN-1 




6 experiments; Base, Shrimp, Mapping, Survival, Vitamin, 






Dust 


Foton-10 


1995 




Foton-11/ BIOPAN-2 


1997 


6 experiments: Base, Shrimp, Mapping, Survival, Vitamin, 






Dust 


Foton-12/ BIOPAN-3 


1999 


4 experiments: Survival, Yeast, Dosimap, Vitamin 


Foton-Ml/ BIOPAN-4 


2002 


9 experiments — lost (launch failure) 


Foton-M2/ BIOPAN-5 


2005 


9 experiments: Marstox, Letvar, Photo I, Rado, Lichens, 






Organics, Yeast II, R3D-B, Permafrost 


In preparation: 






Foton-M3/ BIOPAN-6 


2007 


10 experiments: R3D-B2, UV-olution, Highrad, Yeast III, 






Life, LMC, Tardi A & B, Lithopanspermia, Marstox II, Rado II 


Table 11.3 Experiments flown in 


BIOPAN in the period 1992-1999. 


Research topic 




Principle investigator 



Radiation dosimetry 

Radiation measurements behind defined shieldings 
Depth dosimetry 
Depth dosimetry 
Neutron dosimetry 
UV dosimetry 

HZE and LET measurements 
HZE and LET measurements 

Radiation biology 

Radiation damage in plant seed DNA bases in situ 
Radiation damage in embryos of the brine shrimp 
Effects of soft radiation in yeast cells 
Efficiency of radioprotecting drugs 

Astrobiology 

Effects of solar UV on peptides in artificial 
dust grains 

Survival rate of biological organisms 

Materials and components validation 

Bit flips in EEPROM cards exposed to space 
radiation 

Stability of coating materials outside exposed 
in space 

Stability of thermal-control coating materials 
exposed in space 



G. Reitz, DLR, Cologne 
L. Adams, ESTEC, Noordwijk 
Yu. Akatov, RCSRS, Moscow 
V. Dudldn, RCSRS, Moscow 
V. Tsetlin, IBMP, Moscow 
A. Vikhrov, RCSRS, Moscow 
E. Benton, USA 

J. Cadet, CEA, Grenoble 

A. Hernandorena, CERS, Biarritz 

J. Kiefer, University of Giessen 

J-P. Moatti and N. Dousset, Un. P. Sabatier 

A. Brack, CNRS, Orleans 
G. Horneck, DLR, Cologne 

R. Harboe Sorensen, ESTEC 

M. van Eesbeek, ESTEC 

E. Overbosch, Fokker Space, Leiden 
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Table 11.4 Experiments flown in BIOPAN 4 and 5 
(2002 and 2005). 



Experiment 


Principal investigator 


Marstox (D) 


P. Rettberg and G. Horneck, DLR 


Yeast II (D) 


J. Kiefer and M. Loebrich, Saarland University 


Photo I (I) 


M.T. Giardi, CNR Rome 


Organics (NL) 


P. Ehrenfreund, Leiden University 


R3D-B (D) 


D. Haeder, Erlangen University 


Lichens (E) 


L. Sancho, Madrid University 


Letvar (D, A) 


N. Vana, Wien University 


Permafrost (Ru) 


D. Gilichinsky, RAS 


Rado (Ru, Hu) 


V. Shurshakov and J. Palfalvi, IBMP 



The experiment temperature profile in orbit is selectable: either a non-controlled 
mode with temperatures freely oscillating between < -35 °C and > +10 °C, in syn- 
chrony with the alternating periods of solar illumination and shadowing; or a 
controlled, stable temperature with a fixed set point in the range of 10-25 °C using 
heaters and dedicated thermal insulators. 

The experiments flown in the past five BIOPAN missions have been accommo- 
dated in sample holders specifically designed by the scientific teams under ESA 
supervision. In addition to complying with the carrier interfaces, they are required 
to pass a number of qualification tests, which include a vibration test according to 
the Foton specification levels and a thermocycling test performed in a thermo- 
vacuum chamber. 

The typical experiment environment offered by BIOPAN includes: 

• a microgravity level of <10~ s g, 

• a radiation level up to 6 Gy (600 rad) per day and up to 80 Gy 
(8 000 rad) per 15-day mission (depending on solar activity 
and shielding; see Section 11.1); 

• solar electromagnetic radiation on the order of 40 solar 
constant hours per mission, and 

• the possibility of controlled temperature profiles at those 
experiment packages that are thermally decoupled from each 
other. 

At flight completion, when BIOPAN is carried back from the landing site to the 
ESA ESTEC clean room and opened in a controlled environment, these packages 
are dismounted, inspected, and returned to the investigators, who examine their 
contents in their own laboratories around Europe. Reference samples are stored 
in BIOPAN under identical conditions but shielded against UV. Additional 
control samples are maintained on the ground under controlled terrestrial con- 
ditions. 
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11 .3.1 .3 Operational Aspects of BIOPAN 

The typical operational cycle of BIOPAN includes satellite interface tests three 
months prior to launch (I), experiment integration at L- 1 week, two weeks of 
orbital flight, and return of the experiments to the investigators four days after 
landing. The main figures of a typical Foton-BIOPAN mission are shown in Table 
11.5. Parameters such as flight duration, altitude, and energy available for the 
payload can be modified depending on the chosen mission profile and on the 
upgrading of the satellite (e.g., for the Foton M version). 



Table 11.5 Main figures of a typical BIOPAN mission onboard 
a Foton satellite. 



Flight parameter 


Flight data 


Flight frequency 


Once every two years 


BIOPAN's models 


1-3 


Flight duration 


14-16 days 


Altitude 


220-390 km 


Inclination 


62.8° 


Energy available (15 days) 


3 kWh (164 Ah ) 



Integration of BIOPAN and interface testing with Foton take place approximately 
three months before the launch at the Foton construction site in Russia. At this 
stage, the manufacturing of the satellite and of its subsystems is completed, and all 
the necessary electrical and mechanical interface tests between carrier and pay- 
loads need to be carried out. The BIOPAN flight unit performances and its 
interfaces with Foton are verified through a sequence of mechanical and electrical 
tests. Dedicated electronic ground support equipment is used to support these 
activities. 

During these tests, the satellite undergoes a simulated mission profile in which 
all the various commands are issued and each subsystem is checked. These tests 
are meant to qualify the satellite for the mission, to control the readiness of each 
payload, and to verify possible mutual interference between the carrier and scien- 
tific instruments. After successful completion of these tests, BIOPAN is dis- 
mounted, packed, and transported back to ESTEC. This operation is necessary to 
allow the integration of the biological samples at a very late stage at ESTEC, as 
demanded by the nature of these experiments. In contrast, most of the other 
scientific payloads remain inside Foton and are transported with the satellite to 
the launch site (Plesetsk Cosmodrome or Baikonour Cosmodrome). 

The sensitivity of the biological samples - often including yeast cells, spores, 
bacteria, and plants seeds - to storage effects such as temperature variation, 
humidity, and/or aging requires their preparation in well-controlled environmen- 
tal conditions shortly prior to launch. They are prepared in the investigators' 
laboratories up to 10 days in advance and delivered to ESA-ESTEC in thermally 




controlled containers. They are integrated into BIOPAN one week before launch. 
This solution is preferred to an integration "onsite" at Plesetsk or Baikonour 
because of the lack of dedicated equipment and suitable laboratories there. 

At L - 4 days, an ESA team carries the BIOPAN flight unit with the samples from 
ESA-ESTEC to the launch site, using a special Russian charter plane. Contained in 
a special battery-powered thermal container until the last minute, BIOPAN is 
finally installed onto the capsule at L - 3 days, a few hours before the final closing 
of the Foton hatches. 

The spacecraft is then ready to be integrated with the launcher. Charged with its 
complete payload complement, and a mass of 6.5 tons, Foton is lifted from its 
supporting stand, lowered into the fairing coupling ring, and closed within the two 
half shells of the Soyuz nosecone (Fig. 11.9). In this configuration, it is then tilted 
horizontally and coupled to the third stage of the rocket, before being lifted up and 
launched. 

Once in orbit, the telecommand to open the lid of BIOPAN is issued from the 
ground at a time that can be decided based upon the experiment needs (typically 
between 10 min and 20 h after liftoff). 

In orbit, the position and the status of the Foton satellite and of BIOPAN are 
monitored via telemetry. The telemetry data include the main parameters, repre- 
sentative of the BIOPAN status (position of the lid, power and energy budgets), 
while the other housekeeping and scientific data from the sensors are stored 
onboard and analyzed after the mission (Fig. 11.10). The lid closure is again 
commanded from the ground approximately one day before landing. 

After completion of the mission, the Foton satellite is de-orbited when its ground 
track is favorable for a landing within the Russian territory or in Kazakhstan. 
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The capsule reentry is assisted with a parachute system and a retro-rocket that 
decrease the landing shock down to values on the order of 35-40 g. This system is 
activated just a couple of meters before the final touchdown, via a gamma-ray 
source installed in the heat shield. Every payload, including BIOPAN, has to be 



BIOPAN 



BIOPAN - 3 
FOTON-12 Mission 
(c > 1995 ws uer 3. 



title: SUUIUflL I 

file: survival. dsp 

start: 6. sep 3:00 

stop: 22. sep 21:00 




current date: Thu Sep 30 12:37:36 1999 
resolution: 43. OO nin/pix 



Fig. 11.10 Environmental data recorded during the BIOPAN-3/ 
Foton 72 mission. Top: Time profile of the radiation exposure 
measured by radiometer and UV meter. Bottom: Temperature 
data recorded in the lid of BIOPAN for the experiments without 
temperature control (courtesy of ESA). 
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Fig. 11.11 Eaton descent module with BIOPAN 
at the landing site (photo credit: ESA). 

designed to withstand a possible landing shock of 90 g (duration: 40-50 ms), which 
might occur in the case of retro-rocket malfunctioning. 

After separation of the descent module from the battery pack (some 30 min 
before final landing), the main power is cut off from the instruments, which means 
that thermal control is no longer assured. Rescue teams reach the landing site with 
helicopters from the closest military base. 

A prompt finding of the satellite in the Russian-Kazakh steppes (not always easy, 
especially with unfavorable weather conditions) and an early recovery of the experi- 
ments is fundamental for the mission success of BIOPAN (Fig. 11.11). BIOPAN is 
then dismounted from the burnt satellite heat shield and, still closed and locked, 
placed in its cooled transport container and carried back to Samara. Here, the 
mission data are downloaded and the payload is then transported back to ESA- 
ESTEC the day after. The opening of BIOPAN and experiment de-integration and 
delivery to the investigators are performed in an ESA-ESTEC clean room within 
four days after landing. 

1 1 .3.1 .4 Orbital Characteristics of a BIOPAN Mission 

The orbital parameters selected for Foton, the carrier spacecraft of BIOPAN, have 
not noticeably changed since its first flight in 1992 (Table 11.6). With the intro- 
duction of Foton-M in 2002, the orbital trajectory became slightly more circular in 
order to optimize the microgravity levels. From Foton-M2 onwards, a different 
launch site is used (Baikonur rather than Plesetsk), but this has almost no effect on 
the orbital inclination. The consistency of the orbital parameters enables the 
BIOPAN investigators to repeat their experiments if necessary under conditions 
that - apart from the sun cycle events - are remarkably similar. It also means that 
the experiment environment for upcoming flights may largely be predicted from 
the recordings made during previous missions. 
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Table 11.6 Orbital parameters, flight duration, and launch site 
of the BIOPAN missions. 



Mission 


Spacecraft 


Apogee 


Perigee 


Inclination 


Duration 


Launch site 


BIOPAN-0 


Foton-8 


383 


228 


62.8° 


15.6 d 


Plesetsk 


BIOPAN-1 


Foton-9 


385 


227 


62.8° 


17.6 d 


Plesetsk 


BIOPAN-2 


Foton-11 


385 


227 


62.8° 


13.6 d 


Plesetsk 


BIOPAN-3 


Foton-12 


405 


225 


62.8° 


14.6 d 


Plesetsk 


BIOPAN-4M 


Foton-Ml 


304 


262 


62.8° 


15.6 d 


Plesetsk 


BIOPAN-5 


Foton-M2 


304 


262 


63° 


16 d 


Baikonur 


BIOPAN-6 


Foton-M3 


304 


262 


63° 


13 d 


Baikonur 



a Orbital parameters and flight duration of BIOPAN-4 as announced before the crash. 



11.3.1.5 Environment of BIOPAN Experiments 

Temperature, pressure, and solar irradiation at the experiment site are monitored 
by an integrated set of BIOPAN sensors. The data are stored onboard during the 
mission and can be accessed after the flight. Irradiation by cosmic rays is moni- 
tored by investigator-provided detectors. The microgravity environment is not 
measured inside BIOPAN itself but inside the Foton capsule by ESA-provided 
sensors. 

The temperature history of the experiment samples in orbit depends on the 
amount of thermal insulation (single foils or multilayer blankets), the thermal 
coupling to the BIOPAN carrier plates, and the use of heaters. It was observed that 
a non-insulated experiment decoupled from an unheated carrier plate may expe- 
rience extreme temperature fluctuations from -40 °C to +60 °C. In contrast, an 
insulated experiment that is tightly coupled to a heated carrier plate can be 
maintained at a stable temperature, selectable between +15 °C and +25 °C 
(Fig. 11.10). 

The possibility of overheating during atmospheric reentry at the end of the 
mission was recognized early during the development of BIOPAN. Therefore, a 
quite massive heat shield was designed for BIOPAN. While the total weight of 
BIOPAN is close to 27 kg, including the experiments, the heat shield is responsible 
for 12 kg of that figure. As a result, the peak temperatures during reentry and after 
landing recorded inside BIOPAN never exceeded +30 °C. 

BIOPAN is also equipped with a pressure sensor for rough monitoring of gas 
release from BIOPAN (evacuation) during ascent. 

Irradiation by solar light (including UV radiation) is measured by two types of 
sensors. A radiometer monitors the input of solar electromagnetic radiation over 
the entire spectrum from UV to IR. Special UV sensors are added to monitor the 
solar wavelength ranges that are specific to orbital flight. (At the surface of the 
Earth, there is no incidence of solar UV-C and only a limited incidence of UV-B; 
see Fig. 11.5.) On the four missions completed so far, the total dose of sunlight has 
varied from 8.2 kj cm" 2 to 20.4 kj cm -2 (Table 11.7). The total dose largely de- 
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pended on the time when the lid of BIOPAN was open in orbit. This period varied 
from 7.8 to 14.8 days (Table 11.7). As a consequence, the daily dose varied from 
0.99 kj cm -2 to 1.38 kj cm -2 , which corresponds to solar constant hours of 
2.02-2.80. On the four missions completed so far, the total dose of specific energy 
deriving from solar electromagnetic radiation varied from 8.2 kj cm" 2 to 
20.4 kj cm -2 . Some BIOPAN flights performed measurements of UV-C, UV-B, 
and UV-A radiation in addition to the solar radiation sensors that integrate over the 
whole solar spectrum. 



Table 11.7 Data of solar irradiation during different BIOPAN 
missions. 



Mission 


Lid open 


Total dose 




Daily dose 


BIOPAN-0 


187 h= 7.8 d 


8.2 kj cm- 2 


1.05 kj cm" 2 


2.14 SCh® 


BIOPAN-1 


355 h= 14.8 d 


20.4 kj cm- 2 


1.38 kj cm" 2 


2.80 SCh 


BIOPAN-2 


239 h= 9.9 d 


12.9 kj cm" 2 


1.30 kj cm" 2 


2.65 SCh 


BIOPAN-3 


302 h = 12.6 d 


12.5 kj cm" 2 


0.99 kj cm" 2 


2.02 SCh 



a SCh = solar constant hours. 

The dose received from cosmic radiation is measured in different radiation dosim- 
etry experiments of BIOPAN. Depending on the level of shielding, the experiments 
in BIOPAN may absorb a radiation dose up to 5.6 Gy per day, which is four orders 
of magnitude higher than the daily dose received inside the Foton capsule or inside 
the ISS. However, the actual radiation dose absorbed by the experiment samples in 
BIOPAN is generally much smaller than this value because of their containment. A 
small change in shielding density may create a dramatic difference. Over the first 
0.05 g cm -2 of shielding mass, the radiation dose falls steeply down by one order of 
magnitude, over the first 0.25 g cm -2 by two orders of magnitude, and over the first 
1 g cm -2 by three orders of magnitude. 

The microgravity environment was measured by ESA on Foton-12, the spacecraft 
that carried BIOPAN-3. The quasi-steady acceleration level was below 10^ g over all 
three orthogonal axes. 

11.3.2 
STONE 

The STONE experiments aim to study the physical, chemical, and biological 
modifications caused by atmospheric entry in rocks, in meteoritic materials, and 
in their possible embedded organisms. For this purpose, different types of rock, 
loaded with microorganisms, are mounted in the heat shield of the Foton reentry 
capsule. During reentry into the atmosphere at the end of the two-week flight, the 
STONE rock samples are subjected to temperature and pressure loads comparable 
to those experienced by meteorites. 
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The rationale for the STONE experiments is as follows (see also Chapter 1): most 
of the 25 000 known meteorites originate from the asteroid belt. There are 18 
meteorites that definitely come from the Moon; most are regolith samples, as 
would be expected when rocks are propelled from planetary surfaces by impact. 
Then there are the 37 so-called SNC meteorites, which are quite distinct from 
asteroidal debris and which come from Mars (see Chapter 8), but none of them is a 
surface sample. Because Mars once had a warm and wet climate, its surface must 
be covered by both impact-generated regolith and sedimentary rocks deposited by 
running and/or still water. The sedimentary rocks should comprise detrital depos- 
its as well as chemical sediments such as evaporites. In addition, groundwater can 
compact loose sediments and regolith by filling the pore spaces with evaporitic 
minerals. Such consolidated sedimentary hard rocks should be among the Martian 
meteorites, but they are not. It is possible that they survived their traumatic escape 
from Mars but not their terrestrial atmospheric entry because of decrepitation in 
the cementing mineral (very likely to be a sulfate). Therefore, STONE investigated 
whether such rocks would be destroyed or damaged by atmospheric infall, 
although Foton's reentry speed of 7.8 km s" 1 is considerably lower than that 
experienced by a meteorite (20-70 km s -1 ). 

The STONE experiments take advantage of the accommodation on the heat 
shield of the reentry capsules of the Russian retrievable carriers of the Foton class. 
They are normally placed around the descent module's hottest point (stagnation 
point), inserted into the heat shield with specially designed holders that are made 
of the same ablative material used for the heat shield (Fig. 11.12). Because the rock 
sample's thermal conductivity is generally of some order of magnitude higher than 
that of the capsule shielding, a protective layer is placed underneath the exposed 
sample, between the metallic structure of the capsule and the rock sample itself. 

STONE-1 was conducted in 1999 on Foton-12. Three different types of rock were 
fixed into the ablative heat shield of the Foton reentry capsule: 

• a basalt, 

• a dolomite (sedimentary rock), and 

• a simulated Martian regolith sample. 

The goal was to investigate why all Martian meteorites so far collected on Earth 
were exclusively of the igneous type, while the surface of Mars consists, apart from 
igneous rocks, largely of sedimentary materials. The experiment provided a pos- 




Fig. 11.12 STONE-5 samples installed onto the 
Foton M2 heat shield. Picture taken before the 
mating of the descent capsule with the attitude 
control module (photo credit: ESA). 
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sible explanation for this dilemma: it showed that a sedimentary rock (the dolo- 
mite) can survive the atmospheric entry process, but after landing, it will easily 
decompose from the chemical and physical changes it has suffered. 

Follow-on experiments were prepared in 2000 (STONE-2), 2001 (STONE-3), and 
2002 (STONE-4), but unfortunately none was completed. STONE-2 failed because 
its carrier was heavily damaged during reentry and touchdown, whereby the rocks 
were lost. STONE-3 was never launched because of programmatic changes. 
STONE-4 was carried by the Foton-Ml capsule, which was lost when the launcher 
rocket crashed shortly after liftoff. 

The STONE-5 experiment was partly a repetition of STONE-1. A sandstone 
(a sedimentary rock) and, for comparison, a dolerite (an igneous rock) were 
exposed to the reentry environment. A new aspect of this experiment is the 
emphasis on biology: both rocks were loaded with microorganisms. This allowed 
the scientists to investigate the chances for survival of simple life forms transported 
by meteorites when entering the atmosphere of the Earth. The third rock from 
STONE-5 was a gneiss (a metamorphic stone) from Antarctica carrying endolithic 
cyanobacteria (desiccated, vegetative cells). 

11.3.3 
EXPOSE 

The EXPOSE facility, conceived to support astrobiology and radiation biology 
research in space, was designed and developed by ESA to fly on the external 
platforms of the ISS, originally on the Columbus external balconies. EXPOSE 
will host experiments prepared by scientists from various European research 
institutes. Experiment specimens will be located in hundreds of tiny cells, pres- 
surized or vented, protected with windows and filters of various geometries and 
materials. Most of the selected experiments deal with understanding the influence 
of the radiation environment, in all its different components, on selected biological 
samples and organic compounds. Some of them are part of a research program 
that includes among its targets the understanding of organic matter's survivability 
of extraterrestrial conditions, such as on Mars. 

The EXPOSE development started in 2001. After undergoing a full qualification 
program, in 2004 the Flight Model passed its flight acceptance review and was 
delivered to Columbus for integration (EXPOSE-E). Because of delays in the launch 
of Columbus, ESA investigated in 2004 the possibility of flying EXPOSE on the 
Russian segment of the ISS (RS-ISS), mounted on a recently installed external 
platform (named URM-D), in order to provide European scientists with an earlier 
and strongly demanded flight opportunity (EXPOSE-R). 

11 .3.3.1 EXPOSE Facility 

The EXPOSE facility includes three experiment trays (Fig. 11.13), each one con- 
taining four sample carriers; some of them are sealed and allow accommodation of 
pressurized containers, while others are vented via a venting system integrated in 
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Fig. 11.13 EXPOSE facility, the external facility of the ISS. 
(A) Photo of EXPOSE-E; (B) drawing of EXPOSE assembly 
(courtesy of ESA). 



the tray. The air channel is sealed with a dedicated valve, which opens after the 
facility is brought out to the external surface of the ISS by a dedicated control 
command. 

Each sample carrier is structured in two or three layers (for sample exposure to 
solar radiation and for dark control) and accommodates a variety of sample cells of 
different size and geometry (from 16 to 64 per layer), each one equipped with 
different kinds of optical windows, filters, and dosimeters. All biological samples, 
such as bacterial cells or spores, fungal spores, fern spores, or plant seeds, are 
deposited in dry layers on quartz or MgF 2 disks. Pressure integrity is provided by 
means of a rubber gasket between the metallic tray housing and the glass. 

The EXPOSE experiments are designed for one to two years' external exposure to 
outer space. According to the EXPOSE experiment procedure, preparation of the 
biological samples, deposition on quartz glasses, drying and accommodation in the 
carriers, placement of the carriers in the trays, and final assembly of the EXPOSE 
facility will be carried out at ground laboratories. 

In addition to the trays, the facility accommodates various sensors that measure 
parameters characterizing the experiment conditions (solar radiation, temperature, 
etc.) and an electronic unit that acquires, formats, and transfers these data to the 
ISS service systems. 

The EXPOSE assembly includes the EXPOSE facility and its supporting struc- 
ture, interfacing with the EUTEF-CEPA (Columbus External Platform Adapter) for 
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EXPOSE-E or with the external platform (named URM-D) of the RS-ISS for 
EXPOSE-R. 

The EXPOSE-E facility provides common functionalities and services and a 
controlled environment to the experiment samples (shutters, scientific and house- 
keeping data acquisition and transmission, thermal control). It includes the follow- 
ing subsystems: 

• structure and mechanisms; 

• shutters (including lids, hinges, shutter drives); 

• trays (including windows, seals, valves, connectors); 

• sample carriers (including windows, filters, controls); 

• EXPOSE control unit (motor and valves control, data 
acquisition); 

• sensors (temperature, pressure, UV, proximity); four sensor 
packages (UV-B and radiometer) are positioned on the four 
facility corners; 

• a thermal control system, based on heaters, multilayer insu- 
lators (MLI), and coatings; 

• an electrical interface (I/F) to EUTEF Data Handling and 
Power Unit; and 

• a mechanical I/F to EUTEF-CEPA (I/F bracket). 

The EXPOSE actuators are controlled by software via the experiment control unit 
micro-controller; they can also be operated via the telemetry /telecommands 
(TM/TC) link. In particular, the micro-controller provides the following functions: 

• acquisition and transmission of housekeeping data and data 
from eight temperature and five solar sensors; 

• acquisition and transmission of R3D data; 

• data storage (in case of data link interruption); 

• command and control of three motor-driven lids (shutters) by 
stepper motors; 

• command and control of three motor-driven valves for vented 
experiment compartments; 

• thermal control of experiments achieved with two different 
sets of heaters, thermostat controlled, positioned underneath 
each experiment tray and on the inner side of the facility 
frame; and 

• overheat protection via automatic lid closure whenever a 
predefined temperature is exceeded. 

11.3.3.2 EXPOSE Experiments 

The experiments selected for the flight of EXPOSE-R are listed in Table 11.8. The 
experiments selected for the flight of EXPOSE-E with Columbus are listed in 
Table 11.9. 
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Table 11.8 Experiments selected for EXPOSE-R. 



Principal investigator 



Experiment 



Topic of research 



C. Cockell 

Open University (UK) 

R. Mancinelli SETI Institute, 
NASA Ames (USA) 

G. Horneck DLR (D) 



f. Cadet C.E.N. G. (F) 



N. Munakata University 
of Tokyo, Japan 

G. Ronto Research Lab. for 
Biophysics, Budapest (HUN) 

A. Brack CNRS- Orleans (F) 

P. Ehrenfreund Leiden 
Observatory (NL) 
D-P. Hader University 
of Erlangen (D) 



ROSE-1/ENDO To assess the impact of extraterrestrial 
UV radiation on microbial primary pro- 
ducers (algae, cyanobacteria) 

ROSE-2/OSMO To assess the protective effects on osmo- 
philic microorganisms enclosed within 
gypsum-halite crusts 

ROSE-3/ SPORES To assess the protection of spores by me- 
teorite material against space conditions: 
UV, vacuum, and ionizing radiation 

ROSE-4/PHOTO To determine the photoproducts result- 
ing from exposure of dry DNA samples or 
bacterial spores to solar UV radiation 

ROSE-5/SUBTIL To determine the mutational spectra of 
Bacillus subtilis spores induced by space 
vacuum and/or solar UV radiation 

ROSE-8/PUR To determine the biologically effective 

dose of solar extraterrestrial UV radiation 
by biological dosimetry 

AMINO To study photochemical processing of 

amino acids in Earth orbit 

ORGANICS To study the evolution of organic matter 

in space 

R3D Radiation dosimetry 



Table 11.9 Experiments selected for EXPOSE-E. 
Principal investigator Experiment 



Topic of research 



G. Horneck DLR (D) 



PROTECT 



D. Tepfer CNRS, Versailles (F) SEEDS 

H. Cottin University 5, Paris PROCESS 
P. Rettberg DLR (D) ADAPT 



S. Onofri Universita'degli LIFE 
studi della Tuscia di Viterbo (I) 

D-P. Hader University R3D-2 
of Erlangen (D) 



To determine the resistance of spacecraft 
isolates to outer space for planetary pro- 
tection purposes 

To test plant seeds as a terrestrial model 
for a panspermia vehicle and as a source 
of universal UV screens 
To study prebiotic organic chemistry on 
the ISS 

To study molecular adaptation strategies 
of microorganisms to different space and 
planetary UV climate conditions 
To study the resistance of lichens and 
lithic fungi in space conditions 
Radiation dosimetry 
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1 1 .3.3.3 EXPOSE Experiment Hardware 

The experiments of EXPOSE (Tables 11.8 and 11.9) are accommodated in three 
experiment trays. They are equipped with four squared recesses, 77 x 77 x 26 mm 
each, where the sample carriers are inserted. These are lightweight elements 
housing a number of sample cells whose quantity, geometry, and characteristics 
depend on the experiment typology. Each tray hosts four carriers (Fig. 11.14) sealed 
with optical windows or kept open to the space environment. The trays have a 
mechanical interface to the structure and comply with the design of the lids. The 
trays are electrically connected to the structure by matable/dematable connectors. 

The sample carriers are designed to accommodate a number of optical filters 
(neutral density and/or cutoff) to control wavelength and amount of incident light; 
they are also complemented with passive radiation dosimeters, such as thermolu- 
minescent detectors. Two or three control layers are foreseen in each carrier. 

In the flight of EXPOSE-R, tray 1 is dedicated to the AMINO and ORGANICS 
experiments (Table 11.8). It is the only one not equipped with shutters, and its 
sample carriers are not covered with windows. It hosts pressurized and vented 
sample cells, protected with 1- or 2-mm thick MgF 2 windows (8 mm in diameter) 
(Fig. 11.15A). Both experiments have a dark control layer underneath the exposed 
set. Peculiarities of this tray include temperature sensors inside some cells (in 
contact with the inner window) and innovative design concepts for the pressurized 
cells of the two experiments. 

Trays 2 and 3 (Fig. 11.15B, C) are dedicated to the samples of the so-called ROSE 
(Response of Organisms to Space Environment) consortium, a team of biologists 
whose experiments are part of a coordinated research effort (Table 11.8). The trays 
host vented and sealed units, but here the sample carriers are always closed with an 
8-mm thick MgF 2 window. 

The pressurized compartments carry experiments with a predefined gaseous 
environment, provided during the integration of the scientific payload. This 
atmosphere has to be maintained during all mission phases (transportation to 
the launch site, storage, trays' integration into EXPOSE-R, launch, in-orbit oper- 
ations, retrieval, landing, and transportation to the de-integration site). 

The venting of the other compartments is achieved with motor-driven venting 
valves that allow depressurization once in orbit and upon reception of a command 
issued from the ground. Every EXPOSE-R tray is provided with this system, but 
only specific sample carriers are connected to it. 




Fig. 11.14 One of the three trays of EXPOSE; photo of the 
Engineering Model (courtesy of ESA). 
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Fig. 11.15 Arrangement of the subunits of the EXPOSE trays 
according to the different experiment requirements. (A) Tray 
for the experiments AMINO and ORGAN ICS; (B) tray for the 
experiments ROSE 1, 2, 3, 4, and 8; (C) tray for the experiments 
ROSE 1 , 2, 3, 4, 5, and R3D (courtesy of ESA). 



7 7.3 Exposure Facilities for Astrobiology Experiments 



Because the only access to the sealed compartments is through the removal of 
the glass window, integration of the scientific payload has to be done inside a glove 
box, in sterile or environment-controlled conditions. 

1 1 .3.3.4 EXPOSE-R and EXPOSE-E 

For EXPOSE-R, the EXPOSE Engineering Model, used for the design and qual- 
ification of the EXPOSE Flight Model (called EXPOSE-E), has been upgraded to 
flight standards and made compatible with the interfaces and the operational 
aspects of the external platforms of the Russian segment of the ISS (Fig. 11.16). 
The target launch date is October 2007, with an unmanned Progress cargo from 
Baikonour. EXPOSE-E will fly with Columbus. 

For both missions, the integration of the facility on the external platforms (and 
the removal of the experiment samples at exposure conclusion) will be done via 
extravehicular activity, but the operational scenarios will be quite different. In 
EXPOSE-R, the experiment trays will be removed at mission completion (planned 
after one year in space), put in sealed transport containers, and, after a temporary 
storage inside the RS-ISS, will be downloaded to the Earth onboard a Soyuz reentry 
capsule. The facility will remain outside the ISS and might then be "refilled" with a 
new set of trays uploaded with the next Progress cargo. Such an "extended" mission 
is actually envisaged by the astrobiology scientific community in order to use 
EXPOSE as test bed for experiments, sensor packages, and new technologies to 
be developed in the frame of the upcoming ExoMars mission (see Chapter 12). 

EXPOSE-E is planned to stay in orbit for about three years. It will be part of the 
EUTEF, an assembly of ESA technology demonstration and scientific instruments, 
and as such, it will have to be dismounted together with it. Because it is the first to 
have been developed, EXPOSE-E is not provided with removable experiment trays; 




Fig. 11.16 Location of EXPOSE-R at the Russian module 
of the ISS (RS-ISS). 



Z, 



302 I J Astrobiology Experiments in Low Earth Orbit: Facilities, Instrumentation, and Results 



Fig. 11. 17 Location of EXPOSE-E at the outer platform EUTEF 
on the European module Columbus of the ISS. 

therefore, its flexibility in accommodating new experiment samples and/or upgrad- 
ing is quite limited. 

EXPOSE-E will be mounted on one of the four external balconies of the Columbus 
module, on the ISS (Fig. 11.17). Initially designed in combination with a coarse 
pointing device that would have allowed a longer direct orientation to the sun, it 
had to be reconfigured for a less ambitious location on the Columbus starboard- 
oriented external platform, as part of the EUTEF assembly (Fig. 11.17). 

11.3.3.5 Process of Experiment Proposal, Acceptance, Preparation, and Validation 

The experiment preparation process for this kind of research generally starts with a 
request formulated by the scientists in the form of an unsolicited proposal or in 
reply to a dedicated Announcement of Flight Opportunity (AO) issued by the ESA. 
These AOs are published taking into account the interest and demand of scientific 
research in certain fields as well as the existing flight opportunities in terms of 
available payloads and retrievable carriers. 

Once submitted, the experiment proposals are evaluated and rated by an in- 
dependent peer review board. The preliminary selected experiments then undergo 
a detailed engineering assessment on their technical feasibility and on their 
compatibility with facility characteristics and mission scenarios under the lead of 
ESA. Finally, the experiment complement is frozen. 

After being selected, the experiments undergo a dedicated program of verifica- 
tion and qualification in order to achieve the necessary flight readiness. This 
normally includes 
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• selection of samples, 

• environmental tests (UV, ionizing radiation, vacuum, etc.), 

• flight qualification tests (vibration, thermo-vacuum, fhermo- 
cy cling), 

• material compatibility tests, and 

• experiment sequence tests (pre-mission). 

The test results are used as feedback into the experiment hardware design process. 

For EXPOSE-R, an Experiment Verification Test Program (EXPOSE-EVT) is 
established that includes the following elements: 

• assessment of the desiccation and UV radiation resistance of 
the different species of ROSE in order to select suitable 
organisms for the flight; 

• determination of the acceptable temperature ranges; 

• assessment of the biocompatibility of the different samples; 

• selection of analytical methods for the different biological 
endpoints to be investigated; 

• testing of sample preparation techniques for the space ex- 
periment; 

• assessment of the resistance to polychromatic UV radiation; 

• definition of the optical requirements; 

• measurement of dose-effect curves to UV effects in order to 
choose suitable filter combinations for the flight unit; 

• optimization of analytical methods for the different biological 
endpoints adapted to the small sample volumes required by 
the space hardware. 

11.4 

Results from Astrobiology Experiments in Earth Orbit 

Since the Apollo missions, European scientists have been involved in exobiological 
or radiation biology experiments in space. Table 11.10 shows the chronologies of 
ESA missions relevant to astrobiology. 

Table 11.10 Missions in low Earth orbit relevant to astrobiology. 



Year Spacecraft Experiment 



1983 Spacelab 1 ES029: Response of resistant microbial system 

(Bacillus subtilis spores) to free space 
1984—1990 LDEF Facility Exostack: Long-term survival of spores in space 

1992-1993 EURECA-E.RA Exposure of different biological systems and complex 

organic residues to selected parameters of outer space 
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Year 


C fa ^a^* raft 


ex per i men i 


1993 


Spacelab D2 


UVRAD: Biological responses to extraterrestrial solar 






ultraviolet radiation and space vacuum 


1993-2005 


Foton/BIOPAN 


25 experiments on 5 missions 


2003 


BIOBOX-5/STS-107 


RADCELLS: Effects of cosmic radiation in cells 


2004-2005 


ISS 


MATROSHKA-1: Depth-dose distribution in a 






human phantom 


2006-Future 


ISS 


EXPOSE-E, EXPOSE-R, MATROSHKA-2 


11.4.1 






Relevance of Extraterrestrial Organic 


Molecules for the Emergence of Life 



Primary organic chemistry first occurs in the interstellar medium. The chemical 
processes by which these organic molecules are formed in the interstellar me- 
dium are mainly gas-phase ion-molecule reaction paths, which start with the 
most abundant molecule, hydrogen (H 2 ), reacting with various ions. The proc- 
esses include hot and suprathermal reactions, photochemical processes, and 
surface reactions on interstellar dust grains with successive evaporation. When 
in the course of pre-stellar evolution a molecular cloud becomes cooler (10-20 K) 
and denser (10 6 cm -3 ), trace molecules such as CO, H 2 0, CH 3 OH, and NH 3 
condense onto grain surfaces as ice mantles. In the cyclic evolutionary model 
for interstellar dust, developed by J. M. Greenberg, interstellar dust grains consist 
of a silicate core and a mantle of relatively nonvolatile higher-molecular-weight 
organic compounds. Each complete cycle takes about 10 8 years, and the mean 
lifetime for an interstellar grain is about 5 x 10 9 years before it is consumed by 
star formation. During the EURECA mission of ESA, in the Exobiology Radiation 
Assembly (ERA), such complex organic residues, produced in the laboratory, were 
exposed to the full spectrum of solar UV, including vacuum UV radiation, in 
order to simulate the photolytic processes thought to occur during chemical 
evolution of interstellar grains. The exposure of the organic residue to solar UV 
for about six months provided a total fluence of UV that is equivalent to the 
photon fluence received within about 10 million years in the diffuse clouds of the 
interstellar medium. Hence, the solar UV-irradiated samples of the EURECA 
mission were expected to resemble the interstellar organic mantles, which have 
undergone at least one complete evolutionary cycle. Analysis of the samples after 
retrieval showed that the UV-irradiated samples had changed in color from yellow 
to brown, indicating an increase in carbonization. Infrared spectra showed that 
the 3.4-[im feature of the samples matched quite well with the spectra of the 
interstellar medium, thereby supporting the cyclic evolutionary model for inter- 
stellar dust. 

Studies in low Earth orbit have also contributed to answer the question of 
whether the precursors of life were produced on the primitive Earth or transported 
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to the early Earth via meteorites. The study of micrometeorites collected in the 
Greenland and Antarctic ice sheets by M. Maurette shows that the Earth captures 
interplanetary dust as micrometeorites at a rate of about 50-100 tons per day. 
About 99 % of this mass is carried by micrometeorites in the 50-500 um size range. 
In the Antarctic micrometeorites, a high percentage of unmelted chondritic micro- 
meteorites from 50 to 100 um in size have been observed, indicating that a large 
fraction crossed the terrestrial atmosphere without drastic thermal treatment. In 
this size range, the carbonaceous micrometeorites represent 80% of the samples 
and contain 2 % of carbon on average. They might have brought about 3 x 10 19 g of 
carbon over a period of 300 million years corresponding to the late terrestrial 
bombardment phase. This delivery represents more carbon than that engaged in 
the surface biomass of the Earth, which amounts to about 10 18 g. Amino acids such 
as p-amino isobutyric acid have been recently identified in these Antarctic micro- 
meteorites. These grains contain a high proportion of metallic sulfides, oxides, and 
clay minerals that have catalytic capabilities. In addition to the carbonaceous 
matter, micrometeorites might have delivered a rich variety of catalysts having 
perhaps acquired specific crystallographic properties during their synthesis in the 
microgravity environment of the early solar nebula. They may have functioned as 
tiny chondritic chemical reactors when reaching oceanic water. 

Space environment alters the composition, morphology, and dynamics of these 
interplanetary dust particles (IDPs) by processes such as thermal annealing, 
radiation and ion bombardment, or collisions. In the last years, techniques have 
been developed to collect IDPs in space. The advantage of this type of collection - 
compared to sampling on Earth - is that the samples are not altered by atmospheric 
entry effects. Passive aerogel collectors have been exposed on NASAs Long Dura- 
tion Exposure Facility (LDEF) and the MIR station, in order to collect grains 
uncontaminated by interaction with Earth's atmosphere or environment, and 
returned to Earth. Aerogel collectors were used on the NASA Stardust mission to 
collect and return to Earth grains from the interplanetary medium and from the 
coma of comet Wild 2. 

Amino acids like those detected in the Murchison meteorite have been exposed 
for 10 days to space conditions in Earth orbit during three months onboard MIR 
(PERSEUS experiment) and for about two weeks within the ESA facility BIOPAN 
onboard the unmanned Russian satellites Foton 8 and Foton 11. They were exposed 
to the full spectrum of solar extraterrestrial UV radiation, including vacuum UV, 
and to space vacuum under different exposure conditions: either as free amino acid 
or associated with mineral powder. Analysis of the samples after flight showed that 
exposed amino acids (aspartic acid and glutamic acid) were partially photo-proc- 
essed during their stay in space. However, decomposition was prevented when the 
amino acids were embedded in clays (see Chapter 1). The main limitations of these 
experiments were the relatively weak irradiation of the samples (because of the 
short flight duration), the non-synchronous orbits, and the absence of an automatic 
sun pointing device. ESA's EXPOSE facility onboard the ISS offers an interesting 
opportunity for long-duration exposure of amino acids and other biogenic mole- 
cules (see Section 11.3.3.). 
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11.4.2 

Role of Solar UV Radiation in Evolutionary Processes Related to Life 

Space experiments using solar UV radiation as the authentic energy source 
represent new approaches towards our understanding of the evolution of life 
and potential evolutionary steps on other celestial bodies. They may especially 
contribute to tackle the following issues: 

• the formation and stability of organic molecules in the pre- 
biotic environment of early Earth; 

• the role of the ozone layer in protecting life on Earth; and 

• the role of solar UV radiation in the planets and moons of 
astrobiological interest, such as Mars, Saturn's moon Titan 
and Jupiter's moon Europa. 

1 1 .4.2.1 Efficiency of the Stratospheric Ozone Layer to Protect Our Biosphere 

Until recently, assessment of the consequences of increasing environmental UV-B 
irradiation - caused by a decreasing concentration of stratospheric ozone, the so- 
called ozone hole - on the biosphere was based merely on model calculations. In an 
experiment onboard the German Spacelah D2 mission that used extraterrestrial 
solar UV radiation as natural radiation source and optical filters, the terrestrial UV 
radiation climate was simulated at different ozone concentrations down to very low 
ozone values, thereby using space as a kind of time machine. Biologically effective 
irradiances as a function of the simulated ozone column thickness were measured 
with Bacillus subtilis spores immobilized in a biofilm (Fig. 11.18). They were 
compared to the expected irradiance, which was obtained from radiative transfer 
calculations multiplied with the biofilm action spectrum (an action spectrum gives 
the spectral efficiency of UV radiation with regard to a certain biological effect, 
here, cell killing). After the mission, the biofilms were incubated and stained, and 




Fig. 11.18 Location of the experiment 
UV-RAD in the cargo bay of the Space Shuttle 
during the German Spacelah D2 mission (photo 
credit: DLR). 
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optical densities indicative of the biological activity were determined for each 
exposure condition by image analysis. It was found that with decreasing (simu- 
lated) ozone concentrations, the biologically effective solar UV irradiance strongly 
increased. The full spectrum of extraterrestrial solar radiation led to an increment 
of the biologically effective irradiance by nearly three orders of magnitude com- 
pared to that of the solar spectrum at the surface of the Earth for average total ozone 
columns. 

Experiments with bacterial endospores, simulating the UV radiation climate of 
Mars, were performed using the BIOPAN facility of ESA onboard a Foton satellite. 
These experiments tackled the question of the toxicity of the Martian regolith to 
terrestrial microorganisms exposed to the UV radiation climate of Mars. This 
information is pivotal for assessing the habitability of the surface of Mars and 
for planetary protection efforts. 

11.4.3 

Chances and Limits of Life Being Transported from One Body of Our Solar System 
to Another or Beyond 

The idea of interplanetary transfer of life was originally put forward independently 
by three scientists: Richter in 1865, Lord Kelvin in 1894, and Svante Arrhenius in 
1903. The theory of "panspermia" as postulated by Arrhenius in 1903 holds that 
reproductive bodies of living organisms can exist throughout the Universe and 
develop wherever the environment is favorable. This theory implies that during 
the evolution of the Universe, conditions favorable to the development of life have 
prevailed at different locations and at different times. For example, early in the 
development of our Solar System, at a time when conditions on the young Earth 
may have been hostile to the development of life, conditions conducive to the 
development of living systems may have existed simultaneously on other bodies 
either within our Solar System (such as Mars, Venus, Jupiter's moon Europa, or 
Saturn's moon Titan) or within other solar systems. The panspermia theory does 
not set a precondition for terrestrial life having arisen on Earth; living organisms 
could well have arisen elsewhere in the Solar System (or Universe) and been 
transported to Earth, where they encountered environmental conditions favorable 
to growth, proliferation, and eventual evolution into more-complex forms. Once 
established, life on Earth would then be subject to transfer to other celestial 
bodies. 

Since its formulation, the theory of panspermia has been subjected to several 
criticisms, with arguments such as: (1) it cannot be experimentally tested, (2) it 
shunts aside the question of the origin of life, and (3) living organisms cannot 
survive long-time exposure to the hostile environment of space, especially vacuum 
and radiation. However, recent experimental evidence, summarized below, has led 
to a reexamination of the feasibility of the notion of interplanetary transfer of living 
material, particularly microorganisms. 

The scenario of interplanetary transfer of life involves three basic hypothetical 
steps: 
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• the escape process, which comprises removal to space of 
biological material that has survived being lifted from the 
surface to high altitudes; 

• an interim state in space, which implies survival of the bio- 
logical material over time scales comparable with the inter- 
planetary or interstellar passage; and 

• the entry process, where a non-destructive deposition of the 
biological material on another planet is required. 

It is not know with certainty whether panspermia is likely to have occurred in the 
history of the Solar System, or whether it is feasible at all, but additional support to 
the idea of panspermia is given by a variety of recent discoveries, such as the 
Martian meteorites (see Chapter 8), the high UV resistance of microorganisms at 
the low temperatures of deep space, and the recovery of viable spores after about six 
years of exposure in space (see Chapter 5). 

In laboratory experiments that simulate the impact of a meteorite as a feasible 
process of ejecting material from a planet to reach escape velocity, the survival of 
microorganisms residing inside of rocks has been proved. Once rocks have been 
ejected from the surface of their home planet, the microbial passengers face an 
entirely new set of problems affecting their survival, namely, exposure to the space 
environment. With space technology, a new tool is available for testing experimen- 
tally whether microorganisms are capable of surviving a hypothetical journey from 
one planet to another. In order to study the survival of resistant microbial forms in 




Fig. 11.19 Space Simulation Facility (PSI) at 
the Institute of Aerospace Medicine, DLR, for 
the pre-flight testing of the experiments on 
EURECA and EXPOSE (photo credit: DLR). 
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the upper atmosphere or in free space, microbial samples have been exposed in situ 
by use of balloons, rockets, or spacecraft, and their responses were investigated 
after recovery. For this purpose, several facilities were developed, such as the 
exposure device on Gemini, MEED on Apollo, ES029 on SL1, ERA on EURECA, 
UV-RAD on Spacdab D2, and BIOPAN on Foton. These investigations were 
supported by studies in the laboratory in which certain parameters of space 
(high and ultrahigh vacuum, extreme temperature, UV radiation of different 
wavelengths, ionizing radiation) were simulated and the microbial responses 
were determined (Fig. 11.19). 

1 1 .4.3.1 Effects of Space Vacuum 

Because of its extremely dehydrating effect, space vacuum has been argued to be 
one of the factors that may prevent interplanetary transfer of life. However, space 
experiments have shown that up to 70 % of bacterial and fungal spores survived 
short-term (up to 10 days) exposure to space vacuum, even without any protection. 
The chances of survival in space were increased if the spores were embedded in 
chemical protectants, such as sugars or salt crystals, or if they were exposed in thick 
layers. For example, during the LDEF mission, 30% of B. subtilis spores survived 
nearly six years of exposure to space vacuum when embedded in salt crystals, 
whereas 80 % survived in the presence of glucose. Sugar and polyalcohol stabilize 
the structure of the cellular macromolecules, especially during vacuum-induced 
dehydration, leading to increased rates of survival. In addition, endolithic micro- 
organisms in nature are probably distributed in micro-cracks and pore spaces 
within rock as consortia biofilms embedded in a complex extracellular polysac- 
charide matrix, which would be expected to provide a degree of protection from 
extreme vacuum. Recent studies on lichens under simulated space conditions and 
during the BIOPAN-5 mission have demonstrated the high resistance of these 
communities to space vacuum. 

To determine the protective effects of different meteorite materials, "artificial 
meteorites" were constructed by embedding B. subtilis spores in clay, meteorite 
dust, or simulated Martian soil. Their survival was determined after exposure to the 
space environment. Crystalline salt provided sufficient protection for osmophilic 
microbes to survive at least two weeks in space. For example, a species of the 
cyanobacterium Synechococcus that inhabits gypsum-halite crystals was capable of 
nitrogen and carbon fixation. Concerning an extreme halophile microorganism, 
about 5 % of a species survived after exposure to the space environment for two 
weeks within the BIOPAN facility in connection with a Foton space flight. 

The mechanisms of cellular damage due to vacuum exposure are based on the 
extreme desiccation imposed. If not protected by internal or external substances, 
cells in a vacuum experience dramatic changes in such important biomolecules as 
lipids, carbohydrates, proteins, and nucleic acids. Upon desiccation, the lipid 
membranes of cells undergo dramatic phase changes from planar bilayers to 
cylindrical bilayers. The carbohydrates, proteins, and nucleic acids undergo so- 
called Maillard reactions, i.e., amino-carbonyl reactions, to give products that 
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become cross-linked, eventually leading to irreversible polymerization of the bio- 
molecules. Concomitant with these structural changes are functional changes 
including altered selective membrane permeability, inhibited or altered enzyme 
activity, decreased energy production, altered genetic information, etc. Vacuum- 
induced damage to DNA is especially dramatic because it may lead to death or 
mutation. During the Spacelab 1 mission, a 10-fold-increased mutation rate over 
the spontaneous rate was observed in spores of B. subtilis after exposure to space 
vacuum. This mutagenic effect by vacuum is probably based on a unique molecular 
signature of tandem double-base changes at restricted sites in the DNA. In 
addition, DNA strand breaks have been observed to be induced by exposure to 
space vacuum. Such damage would accumulate during long-term exposure to 
space vacuum because DNA repair is not active in the desiccated state. Spore 
survival ultimately depends on the efficiency of DNA repair after rehydration and 
germination. 

The high resistance of bacterial endospores to desiccation is due mainly to a 
dehydrated core enclosed in a thick protective envelope, the cortex and the spore 
coat layers, and the protection of their DNA by small proteins whose binding 
greatly alters the chemical and enzymatic reactivity of the DNA. However, the 
strategies by which B. subtilis spores protect their integrity, including that of DNA, 
against vacuum damage are not yet fully understood. Non-reducing sugars, such as 
trehalose or sucrose, generally help to prevent damage to DNA, membranes, and 
proteins by replacing the water molecules during the desiccation process and 
thereby preserving the three-dimensional structure of the biomolecules. Although 
bacterial spores do not naturally accumulate the substances, the addition of glucose 
to the spores substantially increases the survival rate of spores in space vacuum. 

1 1 .4.3.2 Effects of Extraterrestrial Solar UV Radiation 

Solar UV radiation has been found to be the most deleterious factor of space, as 
tested with dried preparations of viruses and bacterial and fungal spores. The 
reason for this is the highly energetic UV-C and vacuum UV radiation that is 
directly absorbed by the DNA, as demonstrated by action spectroscopy in space 
(Fig. 11.5). The full spectrum of extraterrestrial UV radiation kills unprotected 
spores of B. subtilis within seconds, as discovered during the Spacelab 1 mission. 
These harmful UV ranges do not reach the surface of the Earth because they are 
effectively absorbed by the Earth's atmosphere. The photobiological and photo- 
chemical effects of extraterrestrial UV radiation are based on the production of 
specific photoproducts in the DNA that are highly mutagenic and lethal. The most 
damaging photochemical lesions in the DNA are thymine-containing dimers: 
cyclobutadipyrimidines, the (6-4) pyrimidine-pyrimidone adducts, and their Dew- 
ar valence isomer. 

If spores of B. subtilis were simultaneously exposed to solar UV radiation and 
space vacuum, they responded with an increased sensitivity to a broad spectrum of 
solar UV (>170 nm) as well as to selected wavelengths. Upon dehydration, e.g., in 
space vacuum, DNA undergoes substantial conformational changes. This conver- 
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sion in the physical structure leads to altered DNA photochemistry, resulting in a 
10-fold increase in UV sensitivity of B. subtilis spores in space vacuum as compared 
to spores irradiated at atmospheric pressure. The photoproducts generated within 
the DNA of B. subtilis spores exposed to UV radiation in vacuum were different 
from those induced in wet spores; two thymine decomposition products, namely, 
the cis-syn and trans-syn cyclobutane thymine dimers, as well as DNA-protein cross- 
linking were found in addition to the spore photoproduct, the only photoproduct 
induced by UV in wet spores. 

1 1 .4.3.3 Effects of Galactic Cosmic Radiation 

Among the ionizing components of radiation in space, the heavy primaries, the so- 
called HZE particles (see Section 11.1.1.1), are the most biologically effective 
species. Because of their low flux (they contribute to approximately 1 % of the 
flux of particulate radiation in space), methods have been developed to localize 
precisely the trajectory of an HZE particle relative to the biological object and to 
correlate the physical data of the particle relative to the observed biological effects 
along its path. In the BIOSTACK method (Fig. 11.20), visual track detectors are 
sandwiched between layers of biological objects in a resting state; one candidate is 
B. subtilis spores. This method allows us to 

• localize each HZE particle's trajectory in relation to the bio- 
logical specimens; 

• investigate the responses of each biological individual hit 
separately, with regard to its radiation effects; 

• measure the impact parameter, which is the distance between 
the particle track and the sensitive target; 




Fig. 11.20 BIOSTACK concept to measure the effects of single 
heavy ions (HZE particles) of galactic cosmic radiation (GCR) in 
biological systems in resting state (photo credit: DLR). 
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• determine the physical parameters (charge [Z], energy [E], 
and linear energy transfer [LET]); and 

• correlate the biological effect with each HZE particle 
parameter. 

Taking the results from several BIOSTACK experiments in space (Apollo 16, 
Apollo 17, Apollo-Soyuz, Spacelab, EURECA) as well as those obtained at acceler- 
ators, one can draw the following general conclusions: 

• The inactivation probability for spores, centrally hit, is sub- 
stantially less than 1. 

• The effective radial range of inactivation around each HZE 
particle, the so-called impact factor, extends far beyond the 
range where inactivation of spores by 6-rays (secondary elec- 
tron radiation) can be expected. 

• This far-reaching effect is less pronounced for ions of low 
energies (1.4 MeV per mass unit), a phenomenon that may 
reflect the "thin-down effect" at the end of the ion's path. The 
dependence of inactivated spores from impact parameter 
points to a superposition of two different inactivation mech- 
anisms: a short ranged component reaching up to about 

1 \an that may be traced back to the 6-ray dose (secondary 
electrons) and a long-ranged one that extends at least to 
somewhere between 4 and 5 |im off the particle's trajectory 
for which additional mechanisms are conjectured, such as 
shock waves, electromagnetic radiation, or thermophysical 
events. 

The data show that B. subtilis spores would survive even a central hit of an HZE 
particle of cosmic radiation to a certain extent. However, these HZE particles of 
cosmic radiation are conjectured to set the ultimate limit on the survival of spores 
in space because they penetrate even thick shielding. Because they interact with the 
shielding material by creating secondary radiation, with increasing shielding 
thickness the dose rates go through a maximum. They reach their maximum 
behind a shielding layer of about 10 cm; behind shielding of about 130 cm, the 
value is the same as obtained without any shielding, and only for higher shielding 
thickness does the dose rate reduce significantly. Calculations based on the space 
experiments have shown that if shielded by 2-3 m of meteorite material, a sub- 
stantial fraction of a spore population (about 100 from a population of 10 8 ) would 
survive the exposure to cosmic radiation, even after several million years in space. 
The same survival fraction would be reached after about 500 000 years without any 
shielding and after 350 000 years with 1 m of shielding. 

These studies on the biological effects of the HZE fraction of cosmic radiation 
are of interest for answering astrobiological questions, and they provide important 
basic information for our attempts to assess the radiation risks to humans in 
space. 
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1 1 .4.3.4 Combined Effects of All Parameters of Space 

With the LDEF mission, for the first time B. subtilis spores were exposed to the full 
environment of space for an extended period of time (nearly six years), and their 
survival was determined after retrieval (Fig. 11.21). The samples were separated 
from space by a perforated aluminum dome only, which allowed access of space 
vacuum, solar UV radiation including vacuum UV, and most of the components of 
cosmic radiation. It was found that even in the unprotected samples thousands of 
spores survived the space journey (from an initial sample size of 10 8 spores). All 
spores were exposed in multilayer and pre-dried in the presence of glucose. The 
spore samples had turned from white to yellow during the mission, a phenomenon 
that is probably due to photochemical processes. It was suggested that all spores in 
the upper layers were completely inactivated by the high flux of solar UV radiation. 
With time, they formed a protective crust that considerably attenuated the solar UV 
radiation for the spores located beneath this layer. Therefore, the survivors prob- 
ably originated from the innermost part of the samples. 

1 1 .4.3.5 Time Scales of Interplanetary Transport of Life 

To travel from one planet of our Solar System to another, e.g., from Mars to Earth, 
by random motion, a mean time of several hundred thousands to millions of years 
has been estimated for boulder-sized rocks but only two months for microscopic 
particles. Therefore, the LDEF experiment may be considered a reasonable simu- 
lation of an interplanetary transfer event. Because LDEF was in a near-equatorial, 
low-altitude Earth orbit, during each orbit the satellite traveled about 40 650 km 
every 90 min. Thus, over the nearly six-year duration of the LDEF experiment, the 
satellite traveled over 10 9 km, the approximate equivalent of the distance from 
Earth to Saturn if it had been flying on a straight course rather than in an elliptical 
orbit. The likelihood of spore survival over the time spans involved in interplan- 
etary transfer is therefore quite high. 

For future astrobiological research in space, ESA is developing the EXPOSE 
facility that is to be attached to external pallets of the ISS for 1-3 years (see Section 
11.3.3). EXPOSE will support long-term in situ studies of microbes in artificial 
meteorites, as well as of microbial communities from special ecological niches, 
such as endolithic and endoevaporitic ecosystems. These experiments on the 
Responses of Organisms to the Space Environment (ROSE) include the study of 




ent 



314 | I J Astrobiology Experiments in Low Earth Orbit: Facilities, Instrumentation, and Results 

photobiological processes in simulated radiation climates of planets (early Earth, 
early and present Mars, and the role of the ozone layer in protecting the biosphere 
from harmful UV-B radiation) as well as studies of the probabilities and limitations 
for life to be distributed beyond its planet of origin. Results from the EXPOSE 
experiments will provide us with a better understanding of the processes regulating 
the interactions of life with its environment. 

A hypothetical scenario of interplanetary transfer of life requires that the micro- 
organisms finally be deposited from space to a target planet. When captured by a 
planet with an atmosphere, most meteorites are subjected to very high temper- 
atures during landing. However, because the fall through the atmosphere takes 
only a few seconds, the outermost layers form a kind of heat shield and the heat 
does not reach the inner parts of the meteorite. During entry, the fate of the 
meteorite strongly depends on its size. Large meteorites may break into pieces; 
however, these may still be large enough to remain cool inside until hitting the 
surface of the planet. Medium-sized meteorites may obtain a melted crust, whereas 
the inner part still remains cool. Micrometeorites of a few micrometers in size may 
tumble through the atmosphere without being heated at all above 100 °C. There- 
fore, it is quite possible that a substantial number of microbes can survive the 
landing process on a planet. A first attempt to study the fate of microorganisms 
embedded inside a small meteorite was performed within the STONE experiment 
(Fig. 11.12) during the flight of the Foton satellite in 2005 (see Section 11.3.2). 



11.4.4 

Radiation Dosimetry in Space 



Measurements of radiation exposure in Earth orbit have been performed during 
manned and robotic space flights at various altitudes, orbital inclinations, dura- 
tions, periods during the solar cycle, and mass shielding (Fig. 11.22). Because of 
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Fig. 11.22 Effective doses measured in low Earth orbit missions 
and missions to the Moon (courtesy of G. Reitz, DLR). 
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Fig. 11.23 Human phantom MATROSHKA (a) attached to the 
outer platform of the Russian module of the ISS during its one- 
year flight in 2005; (b) mounting during an extravehicular activity; 
(c) during disassembly inside the Russian segment of the ISS 
(photo credit: ESA, courtesy of G. Reitz, DLR). 



the complex mixture of radiations occurring in space, comprising sparsely ioniz- 
ing components (photons, electrons, pions, muons, and protons) and densely 
ionizing components (heavy ions, neutrons, and nuclear disintegration stars) 
(see Section 11.1.), different dosimetry systems have been applied that specifically 
respond to the quality of the radiation under consideration. However, most 
dosimetric systems used provided data on the "surface" or skin dose only. For 
radiation protection purposes, it is important to assess the depth-dose distribution 
within the human body and especially at the most radiation-sensitive organs, such 
as the brain, the blood-forming organs, and the gonads. Therefore, human 
phantoms equipped with different dosimetric systems at the sites of sensitive 
organs are required. The anthropomorphic phantom MATROSHKA is one such 
example; it was exposed for one year to the radiation in space outside of the ISS 
(Fig. 11.23) in order to determine the depth-dose distribution of radiations within 
the human body during EVAs. It consists of a human phantom upper torso 
composed of 33 slices equipped with passive and active radiation dosimeters at 
the sites of different organs. 
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n.5 

Future Development and Applications of Exposure Experiments 

The features of EXPOSE allow passive exposure of samples to space with contin- 
uous monitoring of the environmental conditions during the mission, in particular 
of UV radiation, broad solar spectrum, temperature, and residual pressure. As 
previously described (see Section 11.3.3), predefined thermal conditions are guar- 
anteed during exposure by use of 

• electrical heaters positioned under the trays and inside the 
frame structure; 

• thermal blankets around the facility and around its support 
structure; 

• low-conductive interfaces (Ti bolts /washers) between the 
facility and EUTEF-CEPA; and 

• coatings on the exposed surfaces with low absorbivity-high 
emissivity characteristics. 

Temperature should be maintained within specific ranges (+5 to +15 °C or -20 to 
-5 °C) despite the environmental conditions. The strategy aims to avoid "crossing" 
of the freezing point. These thermal requirements are generally originated by the 
radiation biology experiments, where biological samples sensitive to large temper- 
ature variations are exposed to space radiation. 

On the contrary, astrobiology experiments try to simulate as closely as possible 
the conditions experienced by organic matter when it is traveling with comets or 
asteroids or when exposed to extraterrestrial conditions. In this case, low temper- 
atures, far below 0°C, are desired, while maintaining a full exposition to the solar 
UV radiation. This is why a future evolution of a facility like EXPOSE should be 
provided with some cooling devices, either passive, such as heat pipes and radiators 
conductively linked with the experiment trays, or semi-active, such as thermo- 
electric junctions (Peltier) linked to heat exchangers. 

The onboard sensor packages, including active radiation measurement devices 
capable of correlating input data with time (a prototype, Radfet, flew with BIOPAN-5 
in May 2005), could be improved. In addition, Sun pointing devices and sample 
compartments with embedded temperature sensors are part of future development. 

EXPOSE might be used in the near future as a "test bed" for experiments in support 
of the upcoming planetary exploration missions. The design and development of a 
mobile exobiology package (Pasteur) to be operated on the Martian surface (ExoMars 
mission) (see Chapter 12) will most probably require testing of materials, electronic 
components, and mechanical devices that will have to be operated continuously when 
exposed for a long time to extraterrestrial conditions (low pressure or vacuum, large 
temperature variations, high radiation, electric and magnetic fields, etc.). 

Looking at the near-term plans of ESA for Mars exploration, it is clear that the 
first missions (ExoMars Pasteur, Mars Sample Return) will bring to the Martian 
surface a set of instrumentation sterilized of terrestrial microorganisms and 
cleansed of Earth organic agents, in an attempt to avoid any contamination 
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when measuring and investigating the Martian soil characteristics. These planetary 
protection issues are being investigated at the moment (see Chapter 13). These 
studies may require the help of an exposure platform like EXPOSE for validation, 
qualification, and testing of materials or technical devices. 

The second phase of the exploration program of ESA foresees that life and 
organic matter will be brought to Mars in support of human activities on Mars. 
In this case, EXPOSE or EXPOSE-like facilities may be used for the understanding 
of non-terrestrial environment effects on organic matter. ISS external platforms 
provide unique environmental conditions, different from those of Earth and Mars, 
that allow testing and verifying the effects of specific parameters of outer space, 
applied singly or in combination. 
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11.6.3 

ESA Online Archives 

Erasmus Experiment Archive, all ESA ex- 
periments in microgravity with details and 
publications: spaceflight. esa.int/eea 

ESA ISS Spaceflight Users Web site: single- 
stop shop for all scientific utilization-related 
issues: spaceflight. esa.int/users 

European User Guide to Low Gravity Plat- 
forms: The reference document for Scien- 
tific and Technical Users: 
http:/ / spaceflight. esa.int/users / index. 
cfm?act=default.page&level=lc&page=2130 



Web Streaming Network: all Astrobiology 
Course Network lectures are available in 
QuickTime (300 kbps) as streaming video 
on-demand with synchronized slides: 
streamiss.spaceflight.esa.int 

Erasmus Virtual Campus E-Learning tool: all 
Astrobiology Course Network lectures are 
available within the Erasmus User Centre 
iLinc tool, user ID and password available on 
request: isslinc. spaceflight. esa.int /virtual 

ESA Space Radiation and Effects: 
http://space-env.esa.int/index.html 



11.7 

Questions for Students 

Question 11.1 

The space environment in low Earth orbit is quite similar to that of deep space. 
Describe the main differences between the two environments. 
Question 11.2 

Describe the main current flight opportunities for astrobiology experiments 
offered by the European Space Agency and the scientific aims pursued. 
Question 11.3 

What are the effects of UV radiation (extraterrestrial and terrestrial) on living 
systems? Describe the physical, chemical, and biological interactions and the 
spectral dependence of the effects. 

Question 11.4 

Describe the interaction between the Earth's magnetosphere, the incoming 
galactic cosmic radiation, and the radiation originating in the Sun. 
Question 11.5 

Describe an astrobiology experiment for one of the two experiment carriers of the 
European Space Agency (EXPOSE or BIOPAN), its scientific objectives, and how to 
realize them. 
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Putting Together an Exobiology Mission: The ExoMars Example 

Jorge L. Vago and Gerhard Kminek 



In this chapter, the different steps towards the making of an 
exobiological mission to Mars are presented, exemplified by the 
ExoMars project of the European Space Agency (ESA). The chapter 
starts with a short description of the exobiological activities at E S A 
that have led to the development of the ExoMars concept. Then, the 
scientific rationale and objectives of the mission are covered, 
followed by a description of the instruments and engineering 
design required to reach the objectives. It is pointed out that 
besides a strong science case and a feasible engineering concept, 
programmatic and financial boundaries play a major role in 
shaping a mission. 



12.1 

Background of the ExoMars Mission 

12.1.1 

Searching for Life on Mars 

The term exobiology, in its broadest definition, denotes the study of the origin, 
evolution, and distribution of life in the Universe. It is well established that life 
arose very early on the young Earth. Fossil records show that life had already 
attained a large degree of biological sophistication 3.4 billion years ago (see Chapter 
1). Since then, it has proven extremely adaptable, colonizing the most disparate 
ecological niches, from the very cold to the very hot, and spanning a wide range of 
pressure and chemical conditions (see Chapter 5). For organisms to have emerged 
and evolved, water must have been readily available on our planet. Life as we know 
it relies, above all else, upon liquid water. Without it, the metabolic activities of 
living cells are not possible. In the absence of water, life either ceases or slips into 
quiescence. 

Mars today is cold, desolate, and dry. Its surface is oxidized and exposed to 
sterilizing and degrading ultraviolet (UV) radiation. Low ambient temperature and 

Complete Course in Astrobiology. Edited by Gerda Horneck and Petra Rettberg 
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
ISBN: 978-3-527-40660-9 
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pressure preclude the existence of liquid water - except, perhaps, in localized 
environments, and then only episodically. Nevertheless, numerous features, 
such as large channels, dendritic valley networks, gullies, and sedimentary rock 
formations, suggest the past action of surface liquid water on Mars - and lots of it. 
The sizes of Martian outflow channels imply immense discharges, exceeding any 
floods known on Earth (see Chapter 8). 

Mars's observable geological record spans approximately 4.5 billion years. From 
the number of superposed craters, the oldest terrain is believed to be about 4 billion 
years old and the youngest possibly less than 100 million years. Most valley net- 
works are ancient (3.5-4.0 billion years old), but as many as 25-35 % may be more 
recent. Today, water on Mars is stable only as ice at the poles, as permafrost in 
widespread underground deposits, and in trace amounts in the atmosphere. From 
a biological perspective, past liquid water itself motivates the question of life on 
Mars. If Mars's surface was warmer and wetter for the first 500 million years of its 
history, perhaps life arose independently there, at more or less the same time as it 
did on Earth. 

An alternative pathway may have been the transport of terrestrial organisms 
embedded in meteoroids, delivered from Earth to Mars. Yet another hypothesis is 
that life may have developed within a warm, wet, subterranean environment. In 
fact, given the discovery of a flourishing biosphere 1 km or more below Earth's 
surface, a similar vast microbial community may be active on Mars, having long 
ago retreated into that ecological niche following the disappearance of a more 
benign surface environment. The possibility that life may have evolved on Mars 
during an earlier period when water existed on its surface, and that organisms may 
still exist underground, marks the planet as a prime candidate to search for life 
beyond Earth. 

12.1.2 

Exobiology Research at ESA 

Exobiology activities at ESA started in the 1980s with the preparation of experi- 
ments for the Exobiology and Radiation Assembly (ERA). ERA flew in 1992, 
onboard the European Retrievable Carrier mission, and was active for almost a 
year. It provided results on the exposure of invertebrates, microorganisms, and 
organic molecules to long-term space conditions, such as UV radiation, cosmic 
radiation, and vacuum (see Chapter 11). 

Other experiments were conducted using BIOPAN, a facility externally attached 
to the Russian Foton retrievable satellite. BIOPAN's upper shell is a motor-driven 
lid that opens when in orbit to expose its samples to space. At the end of its 10-day 
mission, the lid is closed. To withstand the extreme heat of reentry, the entire 
BIOPAN structure is protected by an ablative heat shield; upon landing, the 
specimens can be retrieved and examined. Five flights took place, in 1992, 1994, 
1997, 1999, and 2005. Microbes, seeds, and organic molecules were subjected to the 
harsh low Earth orbit environment in different manners, such as with and without 
radiation protection, in space vacuum, or in the presence of a simulated atmos- 
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phere. The response of the samples was determined. It was found that unprotected 
bacterial spores were completely or nearly totally inactivated by the UV radiation. 
Thin layers of clay, rock, or meteorite material were successful in UV shielding 
only when they were in direct contact with the spores. Thus, concerning a possible 
scenario for the interplanetary transfer of life, the BIOPAN data suggest that small 
rock ejecta of a few centimeters in diameter may provide sufficient protection for 
organisms to survive the space journey. However, micron-sized grains, as invoked 
in some panspermia theories, would most likely prove inadequate (see Chapter 11). 

Meteorites may be natural vehicles for transporting resistant life forms across 
space. Hence, also on Foton, suitable meteorite analogues, the STONE experi- 
ments, were subjected to the searing environment of spacecraft reentry. The first 
three rock samples were fixed to the Foton capsule's heat shield and recovered for 
study upon landing in 1999. The goal was to investigate why, among the known 
meteorites believed to have come from Mars, none is of sedimentary origin. Can 
sedimentary rocks survive reentry? Are they altered beyond recognition by their 
passage through the Earth's atmosphere? STONE provided valuable results on the 
physical and chemical modifications undergone by sedimentary rocks during 
atmospheric infall. The 2005 mission contained four rock specimens, this time 
also including microorganisms. The goal of this work was to simulate a meteorite's 
atmospheric impact and to observe to what degree the embedded microorganisms 
were affected (see Chapter 11). 

From 2007 onwards, the ESA facility EXPOSE will be mounted on an external 
payload site of the International Space Station (ISS). Carefully controlled param- 
eters, such as space vacuum and well-defined wavebands of solar UV and cosmic 
radiation, will act on the samples, which can be combined with chemical and/or 
physically protective agents. This will help to elucidate whether, and to what extent, 
meteoritic material may offer enough protection for life to remain viable after a 
long permanence in space. It will also allow the study of long-term survivability and 
damage/repair mechanisms operating in microorganisms under space conditions. 
Finally, EXPOSE will shed light on space chemistry in the Solar System in relation 
to the origin of life. Organic molecules of biological interest, such as amino acids, 
peptides, and nucleic acids, will be exposed to characterize any variations in their 
stability and reactivity. Additionally, powders of clay, meteorite, and terrestrial rock 
will be used to model the mineral fraction present in meteoroid and interstellar 
dust to understand their effect as filters or as potential catalysts (see Chapter 11). 

Other ESA initiatives that will contribute to our knowledge of important pre- 
biotic chemical processes are the cometary mission Rosetta and the Huygens probe 
of the Cassini-Huygens mission. Rosetta will be the first mission to orbit and land 
on a comet. For this, the comet 67P/Churyumov-Gerasimenko has been chosen. It 
will collect essential information to help us understand the formation and evolu- 
tion of our Solar System. Rosetta will also help us to determine whether comets 
could have contributed to the origin of life on Earth by seeding our planet with 
complex organic molecules through impacts. Light, volatile substances carried by 
comets also may have played an important role in the formation of Earth's oceans 
and atmosphere (see Chapter 3). 
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ESA's Huygens probe, traveling to Titan aboard NASA's Cassini spacecraft, suc- 
cessfully completed its mission in 2005 (see Chapter 9). Many scientists consider 
that the present composition of Titan's atmosphere - mainly nitrogen and methane 
- might closely resemble that of early Earth, before life began on our planet. 
Throughout its 2.5-h descent, Huygens made a detailed study of Titan's atmosphere 
and characterized its surface in the proximity of the landing site. Ultraviolet radia- 
tion from the Sun breaks methane molecules apart to produce a thick layer of smog 
at middle altitudes. An organic rain of methane and nitrogen containing aerosols 
falls steadily onto the satellite's surface, creating an Earth-like terrain that includes 
extended river networks. The results of Huygens reveal the uniqueness of Titan in the 
Solar System as a planetary-scale laboratory for studying prebiotic chemistry. 

The Russian Mars '96 mission consisted of an orbiter, two landers, and two 
penetrators to perform subsurface measurements. It was launched in November 
1996, but because of a failure in the rocket's upper stage, it fell back to Earth. 
European scientists had contributed many instruments to Mars '96. With no 
possibility of a Russian reflight, in 1997, within the Space Science Program of 
ESA, work was started on the design and development of the first ESA spacecraft to 
visit another planet: Mars Express. Mars Express, comprising an orbiter and the 
Beagle 2 lander, was launched in 2003 using a Soyuz rocket. Presently in operation, 
the mission addresses a wide variety of scientific objectives, concentrating mainly 
on surface geology and mineralogy; subsurface structure; and atmospheric circu- 
lation, composition, and long-term evolution (see Chapter 8). 

Regarding exobiology, the orbiter payload is able to identify signatures of water in 
liquid, solid, and vapor form. In particular, the subsurface sounding radar altimeter 
MARSIS has delivered data to construct underground water distribution maps to 
depths of a few kilometers. Other Mars Express instruments continue to break 
scientific ground with important discoveries. Among these are the volcanic and 
glacial structures observed by the high-resolution stereo camera (HRSC); the detec- 
tion of trace amounts of methane in the Martian atmosphere by the planetary Fourier 
spectrometer (PFS), which some scientists believe to have a biogenic origin; and the 
identification of water-altered minerals by the visible and infrared mineralogical 
mapping spectrometer OMEGA. A further task of Mars Express is to identify life- 
friendly geological regions that could become candidate landing sites for ExoMars. 

Regrettably, the Beagle 2 lander failed. It was meant to undertake a detailed 
chemical and morphological study of its landing site and to look for water in the 
soil, in rocks, and in the atmosphere. It would have sampled material from 
protected niches - subsurface and rock interiors- with a mole and a rock grind- 
er/corer mounted on a small robotic arm. Beagle 2 was designed to investigate the 
occurrence of carbonate minerals, to determine the samples' isotopic fractionation, 
and to search for trace atmospheric species. 

1 2.1 .2.1 The ESA Exobiology Science Team Study 

As a logical progression from its activities in low Earth orbit (LEO), in 1997 ESA 
created an Exobiology Science Team. Its objective was to conduct a state-of-the-art 
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survey of exobiology research and to formulate recommendations for the future 
search for life in the Solar System. The full findings were published in 1999, in the 
ESA Special Publication ESA SP-1231, the so-called "Red Book Report." 

The main recommendations were that Mars should constitute ESA's primary 
goal and that efforts should be directed mainly to the search for extinct life. The 
team identified three fundamental requirements: 

• That the landing area be of high exobiological interest. This 
has not been the case in past missions. Locations rich in 
sedimentary deposits and relatively free from wind-blown 
dust should be targeted. 

• That samples be collected at different sites, with a rover 
containing a drill to reach well into the soil and surface rocks. 
This means that mobility and subsurface access are required. 

• That an integral set of measurements be performed on each 
sample and on the place it is obtained from. 

The team suggested the following instruments for an exobiology package: a micro- 
scope for general examination of the samples at a resolution of 3 |im, plus a close- 
up camera with 50 fim resolution; an infrared or Raman spectrometer for identify- 
ing minerals and organic molecules; an alpha proton X-ray spectrometer (APXS) 
for establishing the samples' atomic composition; a Mossbauer spectrometer for 
studying iron mineral compositions and oxidation states; a gas chromatograph- 
mass spectrometer (GC-MS) assembly for isotopic, organic, and inorganic molec- 
ular determination and for chirality measurements; and an oxidants sensor. 

During 1999-2000, two parallel phase-A studies were undertaken to examine the 
feasibility of accommodating the instrument package proposed by the Exobiology 
Science Team in a Surveyor-class lander. At the time, NASA had very ambitious 
plans for the exploration of Mars, with missions to be launched every two years. 
ESA saw a potential for scientific cooperation through the contribution of one or 
more payload elements to a future U. S. mission. The outcome of those industrial 
studies was a preliminary design concept for what was called the Exobiology Multi- 
User Facility (EMF). 

12.1.2.2 The 1999 Exobiology Announcement of Opportunity 

In view of a possible collaboration with NASA, in 1999 ESA issued an Announce- 
ment of Opportunity (AO) requesting proposals for exobiology experiments to be 
performed on Mars using the EMF. No specific flight opportunity was identified at 
the time. The agency would provide the infrastructure needed for the various 
instruments: mechanical, control, power, thermal, and communications. Further, 
it would furnish a drill unit and a sample distribution and preparation system. The 
investigators were to propose the scientific instruments. 

Sadly, the unfortunate demise of NASA's Mars Polar Lander and Mars Climate 
Orbiter put the joint-mission scenario on hold. NASA undertook a critical review of 
its Mars exploration program. This resulted in a revised sequence, with fewer and 
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less frequent missions than previously envisioned. All landers after the twin 2003 
Mars Exploration Rovers (MER) Spirit and Opportunity, dedicated to the study of 
surface mineralogy, were postponed to 2009 and beyond. In view of these events, 
the conditions for participating in a U. S. endeavor, as defined in the 1999 
exobiology AO, were no longer realistic. ESA, therefore, decided to take the 
initiative in creating its own mission to search for life on Mars. 

12.1.3 

The AURORA and the ELIPS Program of ESA 

In November 2001, exobiology activities at ESA received a boost at the Ministerial 
Conference in Edinburgh, Scotland, when the European ministers approved fund- 
ing for two important new programs: the exploration program AURORA and the 
European Life and Physical Sciences in Space (ELIPS) Program. The goal of the 
AURORA program is to formulate and implement a European long-term plan for 
the robotic and human exploration of the Solar System, particularly of those bodies 
holding promise for life. The ELIPS program complements AURORA by support- 
ing exobiology and ISS research in LEO. 

To prepare for the human exploration of Mars, the AURORA program must first 
develop the necessary technologies by conducting a number of robotic missions. 
These missions must resolve important scientific questions connected to exobiol- 
ogy, planetary protection, and hazards to human missions to Mars. For the early 
exploration phase, ESA assessed a range of possible missions in cooperation with 
scientists. This resulted in the selection of the first two missions in the AURORA 
program: 

• ExoMars: An exobiology mission for performing in situ 
analysis to search for traces of past and present life on Mars 
and to study the environment in preparation for future 
human missions. 

• Mars Sample Return (MSR): This challenging mission will 
return to Earth a small capsule carrying samples from the 
Martian surface. It requires a Mars orbiter, accommodating 
the Earth return and reentry capsule, and a descent module/ 
Mars ascent vehicle. It is envisioned to implement this mis- 
sion in an international collaboration effort. 

The approval of the AURORA and ELIPS programs signaled a strong commitment 
by the member states to continue supporting exobiology research, and to ensure 
the further consolidation of Europe's role as an important partner in planetary 
exploration. 

12.1.3.1 The 2003 Pasteur Call for Ideas 

During 2002, at its Concurrent Design Facility, ESA carried out a study to define 
the foundations for the first AURORA mission: ExoMars. This work resulted in a 
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preliminary mission architecture concept and helped to estimate the level of 
resources that would be available to perform surface science on the Red Planet. 
With that information in hand, in early 2003, ESA issued its Pasteur Call for Ideas. 
Scientists were invited to propose instruments for the Pasteur payload and inves- 
tigations to be performed with the ExoMars rover. 

The scientific community's response was extremely encouraging: nearly 600 
investigators from 260 universities, research institutions, and companies expressed 
their interest in participating in ExoMars. In all, 50 proposals were received. The 
proposing teams consisted of international, multidisciplinary groups of investiga- 
tors. Thirty countries were represented, a demonstration that interest in exobiology 
research is shared across national borders and that scientists favor international 
collaboration. During September 2003, all instrument proposals were reviewed for 
scientific merit by a panel of independent experts drawn from the international 
scientific community. 

In March 2004, 40 scientists from the Pasteur-selected teams (representing 
approximately 400 investigators) gathered at ESA/ESTEC for a full week. They 
were requested to assign priorities to the measurements needed to accurately 
identify signs of past or present life on Mars and to characterize surface hazards 
to humans. Three working groups were formed, on life detection, geological 
context, and environment information. 

On the basis of that prioritization, the science team recommended the following 
science exploration scenario for ExoMars. It calls for mobility, access to the subsur- 
face, and research at multiple scales, starting with a visual/spectroscopic assess- 
ment of the geological environment around the rover, progressing to smaller-scale 
investigations through the study of interesting surface rocks using a suite of 
contact instruments, and culminating with the collection of appropriate samples 
to be analyzed by the instruments inside the rover's laboratory. 

During the second half of 2004, two Rover-Pasteur phase A studies were con- 
ducted in consultation with the scientists and ESA, with the goal of proposing well- 
integrated concepts for the Pasteur payload and the rover that would be able to 
realize the ExoMars science objectives. These activities were concluded in February 
2005. 

Intense discussions seeking to contain the overall mission cost in preparation for 
the 2005 ESA Ministerial Conference resulted in a revised ExoMars mission 
concept: a Soyuz version, carrying the rover and a small station but no orbiter. 
The mass allocation for the rover and Pasteur was substantially reduced from that 
considered in the phase A studies, and a new element was introduced - the 
geophysics and environment package (GEP), which could constitute a better plat- 
form for some of the Pasteur environment measurements. 

To address these payload issues, 40 scientists from the Pasteur-selected teams 
gathered once again at ESA/ESTEC for the second Pasteur working group meeting 
during September 2005. Also present were investigators from the GEP community 
and from ESA's advisory bodies, delegations, and NASA representatives. The 
participants recommended a payload of 12.5 kg for the rover. They stressed that 
ExoMars, with its subsurface drill, would provide a unique opportunity to effec- 



328 | 12 Putting Together an Exobiology Mission: The ExoMars Example 

tively search for life on Mars. Having reduced the rover's instrument mass from 
24 kg to 12.5 kg, they underlined that the recommended payload is considered the 
minimum necessary to do the job properly. The meeting concluded with a strong 
request by the scientists that the proposed 12.5 kg Pasteur payload for life detection 
be implemented in its entirety onboard the rover. Equally firmly was stressed the 
need to include the Pasteur environment instruments in the mission and to 
confirm the implementation of the GEP station in ExoMars. 

12.1.3.2 Approval of the ExoMars Mission 

The ExoMars mission was approved at the ESA Ministerial Conference in Berlin, 
Germany, in December 2005. At the time of this writing, mid-2006, the project is 
halfway through its design phase. Development of the manufacturing phase is 
expected to begin in early 2008. 

12.2 

ExoMars Science Objectives 

Establishing whether life ever existed on Mars, or is still active today, is one of the 
outstanding scientific questions of our time. It is also a necessary prerequisite to 
prepare for future human exploration endeavors. To address this important goal, 
ESA plans to launch the ExoMars mission. 
The ExoMars mission's scientific objectives are: 

• to search for signs of past and present life on Mars; 

• to characterize the water/geochemical environment as a 
function of depth in the first 2 m of the subsurface; 

• to study the surface environment and identify hazards to 
future human missions; and 

• to investigate the planet's deep interior to better understand 
Mars's evolution and habitability. 

12.2.1 

Searching for Signs of Life 

In attempting to define an effective strategy to search for carbon-based life on Mars, 
a useful approach is initially to ponder separately the issues of past and present life 
detection and, subsequently, to look for a common thread that may suggest a way 
to address both cases. 

12.2.1.1 Extinct Life 

If life ever arose on the Red Planet, it may have happened when Mars was warmer 
and wetter, during its initial half-billion to one billion years. Conditions then were 
probably similar to those on early Earth. Therefore, one may reasonably expect that, 
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likewise, life emerged on early Mars and that microbes quickly became a global 
phenomenon. Nevertheless, there is inevitably a large measure of chance involved 
in finding convincing evidence of ancient life forms. 

On our planet's surface, the permanent presence of running water, atmospheric 
oxygen, and life itself quickly erases all traces of any exposed, dead organisms. The 
only opportunity to detect them is to find their biosignatures encased in a protec- 
tive environment, i.e., in suitable rocks. However, high-temperature metamorphic 
processes and plate tectonics have resulted in the reforming of most ancient 
terrains, and thus it is very difficult to find rocks on Earth older than 3 billion 
years in good condition. The ensuing chemical and isotopic degradation of many 
putative bacterial fossils makes their reliable identification far from trivial. 

A further complication is that a range of inorganic processes is known to result 
in mineral structures closely resembling primitive biological shapes. This issue lies 
at the heart of a heated debate among paleobiologists. Two recent examples that 
have attracted much attention are the early Archean rock specimens (Archean is 
the earliest part of the Precambrian era on Earth, approximately 3.8-2.5 billion 
years ago) obtained from the Pilbara region of Western Australia, claimed to 
contain Earth's oldest fossils to date (see Chapter 1), and the Martian meteorite 
ALH84001, whose alleged fossil microorganisms were seen worldwide in 1996. 
Although resembling very small bacteria found on our planet, there is still con- 
siderable controversy as to the nature of these structures (see Chapter 8). The 
difficulty is that, in essence, one is looking for the exiguous remnants of minus- 
cule, unshelled, uncompartmentalized beings whose fossilized forms can be 
sufficiently simple to be confused with tiny mineral precipitates. It is therefore 
doubtful that the living origin of ancient candidate microfossils may be accurately 
established on the basis of their morphology alone. Although important, compa- 
rative anatomy by itself cannot be relied upon to provide sufficient proof. 

Another useful clue may lie in the isotopic signature of carbon. Many life 
processes favor the assimilation of the light isotope, 12 C, over that having an extra 
neutron, 13 C. This gives rise to a higher concentration of 12 C in living cells relative 
to the one found in the surrounding dead environment. For instance, the enzy- 
matic uptake of carbon during photosynthesis can result in a 12 C: 13 C ratio of about 
91-94, whereas the terrestrial ratio taken as standard for abiotic material is just 89. 
Consequently, provided that they can be isolated, carbon residues stemming from 
previously living matter may be recognized by their 12 C enrichment. However, for 
a useful interpretation of isotope biosignatures, a detailed understanding of the 
sources and sinks, as well as their temporal evolution, is crucial. 

Some compounds synthesized by living organisms are so stable that they can last 
for billions of years after the parent organisms have died and decomposed. It is not 
the whole molecule that survives, but rather the backbone of carbon atoms with its 
distinctive geometry. Typical examples are amino acids, the lipids that comprise 
cell walls, and some pigments, such as chlorophyll, which absorbs light to power 
photosynthesis in plants. These telltale molecules are very common on our planet 
and can constitute very reliable biomarkers. Identifying one of them could prove as 
informative as finding a dinosaur bone. 
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Regrettably, a major problem with the study of biomarkers is that many decom- 
pose when exposed to temperatures greater than 200 °C. On Earth, most Archean 
rocks have been heated beyond this value. Mars, on the other hand, has not 
suffered such widespread tectonic activity. Long-lasting volcanism seems to have 
concentrated mainly on large provinces, such as the Tharsis and Elysium regions. 
This would imply that rock formations from the earliest period of Martian history, 
which have not been exposed to high-temperature recycling, may exist. Conse- 
quently, well-preserved ancient biomarkers may still be accessible for analysis. 

Some of life's most important molecular building blocks, namely, amino acids 
and sugars, can exist in left- and right-handed configurations called enantiomers 
(from the Greek enantios, denoting "opposite" or "opposing"), which, like a pair of 
gloves, are mirror images of one another (Fig. 12.1) (see also Chapter 3). On Earth 
all living organisms use one enantiomer only: left-handed in the case of amino 
acids and right-handed for sugars. This property is called homochirality, a com- 
pound word derived from Greek, meaning "same handedness." Homochirality is 
essential for an efficient metabolism. Key life processes, such as protein synthesis 
and gene transcription, rely on amino acids and sugars having the correct spatial 
conformation to "shake hands" at the molecular level with their counterparts. 
Conversely, synthetic chemicals prepared in the laboratory exhibit equal abundan- 
ces of both right- and left-handed enantiomers. Such a mixture is said to be 
racemic. Homochirality probably constitutes the most reliable indicator of the 
biological versus abiotic origin of organic molecules. Surely, testing for homochir- 
ality becomes crucial when searching for life. However, as with the previous 
methods outlined, this biosignature unfortunately will be lost when the sample 
is exposed to high temperatures or wet conditions for extended periods. 

In summary, the best chance to find signatures of ancient life on Mars is in the 
form of chemical biomarkers and fossil communities, either preserved under- 
ground or encased within surface rocks. A few life-detection methods - by no 
means exhaustive - were presented to illustrate how important it is to use 
complementary techniques that, combined, give more credence to the proposition 
of a sample's biological potential. Several independent lines of evidence are 
required to construct a compelling case. ExoMars must therefore pursue a holistic 
search strategy, attacking the problem from multiple angles, including geological 




Fig. 12.1 Sketch demonstrating 
the chirality of amino acids (image 
credit: J. L Bada). 
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Fig. 12.2 Example of sedimentary outcrops on layers or beds whose individual height is 

Mars, (a) Liquid-carved terrain in southwestern estimated to be about 10 m; (d) for compar- 

Candor Chasma (6.4° S, 77.1 0 W); (b) high- ison, similar features in the Grand Canyon 

resolution image corresponding to the small (image credit: NASA/JPL/MalinSSS). 
white rectangle in (a); (c) detailed view of the 



and environmental investigations (to characterize potential former habitats), visual 
examination of samples (morphology), and spectrochemical composition analyses. 

It is important to note that exposure of fossil-bearing rocks to thermal reforma- 
tion greatly degrades any biogenic morphological, chemical, or isotopic signatures. 
Thus, geologically recent volcanic regions and lava flows should be avoided when 
searching for traces of extinct life. 

Because liquid water is a prerequisite for active life, good candidate locations to 
look for microfossils are terrains occupied by long-lasting bodies of water during 
Mars's early history, e.g., within ancient lacustrine or marine sedimentary rocks that 
accumulated rapidly, where subsequent diagenesis did not obliterate the original 
texture and compositional evidence - isotopic, organic, and mineralogical - of the 
deposition environment. (The term diagenesis refers to the physical and chemical 
changes occurring in sediments between the time of deposition and petrification.) 
Some promising sites have been identified through the analysis of images taken by 
the cameras of the current spacecraft orbiting Mars, such as Mars Global Surveyor, 
Odyssey, and Mars Express. One such example is presented in Fig. 12.2. 

Figure 12.2 a shows a section of what may have been a lake in southwestern 
Chandor Chasma (6.4° S, 77.1° W), a region within the Valles Marineris system. 
Figure 12.2 b is a high-resolution image, corresponding to the small, white rec- 
tangle in Fig. 12.2 a. It reveals that the floor at this location contains numerous 
eroded, layered outcrops. Particularly interesting is the large number and uni- 
formity of the layers or beds. They can be appreciated in more detail in Fig. 12.2 c. 
The thickness of the individual layers is estimated to be approximately 10 m. They 
have smooth upper surfaces and are hard enough to form sharp, cliff-like edges, 
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which suggest that the beds may consist of indurated fine particles. (Induration 
means the hardening or cementing process that consolidates sediments to form 
sedimentary rocks.) On Earth, such regular layers signal episodic interruptions in 
the material deposition process. Patterns like these are usually associated with 
sediments accumulated in dynamic aqueous environments over very long periods, 
spanning several hundred million years. The similarities to terrestrial water 
sedimentation patterns are striking. For comparison, Fig. 12.2 d displays sedimen- 
tary rocky outcrops in the Grand Canyon. The layers in the foreground are known 
as the Dox Formation; they were deposited in rivers and floodplains more than a 
billion years ago. 

It is trapped within old, exposed sedimentary material and evaporitic deposits 
that the record of ancient Martian life, if it ever existed, is likely to be preserved. 

12.2.1.2 Extant Life 

In 1976, NASA's twin Viking landers conducted the first in situ measurements 
focusing on the detection of organic compounds and life on Mars. The Viking 
biology package contained three experiments, all looking for signs of metabolism 
in soil samples. One of them, the labeled-release experiment, produced very 
provocative results (see Chapter 5). If other information had not been available 
as well, these data could have been interpreted as proof of biological activity. 
However, theoretical modeling of the Martian atmosphere and regolith chemistry 
hinted at the existence of powerful oxidants, which could more or less account for 
the results of the three biology package experiments. The biggest blow was the 
failure of the Viking gas chromatograph-mass spectrometer (GC-MS) to find 
evidence of organic molecules at the parts-per-billion (ppb) level. Although not 
intended as a life-detection experiment, the GC-MS measurements were regarded 
to be inconsistent with a biochemical explanation for the labeled-release data. It 
must be stressed that the Viking GC-MS was not designed to search for living cells, 
but rather for the gaseous pyrolytic degradation products of organic substances. 
Hence, this instrument could have missed significant amounts of non-volatile 
organic compounds. Recent work suggests that the sensitivity of the Viking GC-MS 
may have been insufficient to detect the organics released by heat from up to 
30 million bacteria per gram of soil. This number reflects the concentration of 
microorganisms detected, e.g., in permafrost samples on Earth. The interpretation 
that the labeled-release results may be due to the action of highly reactive oxidants 
in the regolith is still debated; nevertheless, with few exceptions, the majority of the 
scientific community has concluded that the Viking results do not demonstrate the 
presence of life. 

Numerous attempts have been made in the laboratory to simulate the reactions 
observed by the Viking biological package. While some have reproduced certain 
aspects of the data, none has succeeded entirely. An oxidant experiment was part of 
the Russian Mars '96 scientific payload. Alas, a launcher failure meant the loss of 
that opportunity to characterize the reactivity of the Martian soil. Incredibly, almost 
30 years after the Viking missions, the crucial chemical oxidant hypothesis remains 
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untested. ExoMars will therefore include a powerful instrument to study oxidants 
and their relation to organics distribution on Mars. 

Undoubtedly, the present environment on Mars is exceedingly hostile for the 
widespread proliferation of surface life: it is simply too cold and dry, not to mention 
the large doses of UV radiation. Notwithstanding these hazards, basic organisms 
may still flourish in protected places: deeply underground, at shallow depths in 
especially benign environments, or within rock cracks and inclusions. 

Perhaps a good first step is to consider Earth ecosystems with conditions 
approximating those of the Red Planet. In this regard, it is the frigid desert of 
the Antarctic dry valleys (77° 45' S) that bears the closest resemblance to the 
Martian environment today. This region has temperatures varying between -15 °C 
and 0°C in the summer, and as low as -60 °C during the winter, with a relative 
humidity of 16-75 %. The melting of the infrequent snow coverage on rocks is the 
main source of water for life there. 

The primary producers are photosynthetic endolithic microbial communities 
dominated by cryptoendolithic lichens. These microorganisms colonize a narrow 
zone a few millimeters beneath the surface of rocks (Fig. 12.3). This habitat 
provides a favorable microclimate and is well protected from the harsh outside 
environment (strong winds, temperature fluctuations, desiccation, and UV radia- 
tion). Cryptoendolithic communities are found only in weathered or porous rocks, 
because only these types of rocks offer the necessary substrate to colonize their 
interior, the permeability for the uptake of liquid water and moisture, and the 
translucent property required for the photosynthetic primary producer. Usually, 
endoliths grow only on the faces of rocks where the highest insolation is received: 
in Antarctica, north-facing or horizontal. Water is provided to the rock by blowing 
snow or frost, which melts into the rock when it is warmed by sunlight. During the 
summer, freeze-thaw transitions are common. The endoliths are wetted either by 
equilibration with the high-humidity air in the rock or by direct moisture uptake 
after snow/frost melt. 

A similar kind of microhabitat could be available on Mars. From the Viking 
mission we know that surface frost is widespread in the morning hours at certain 
locations; in addition, the Pathfinder landing site contained many weathered rocks. 
Cryptoendolithic communities colonizing the interstitial space in Martian rocks 
would be protected from the harsh UV radiation. Even after the extinction of these 




These cold-adapted communities live in favor- 
able microclimates, just beneath the surface 
of porous rocks facing the Sun (image credit: 
Russ Kinne, NSF). 



Fig. 12.3 Cryptoendolithic microorganisms 
from the McMurdo Dry Valleys, Antarctica. 
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communities, certain stable biomarkers, such as pigments, might be preserved in 
the cold and dry environment for long periods. Life could have escaped the 
deteriorating climatic conditions on the surface of Mars by finding refuge in 
habitats that are very similar to those colonized by cryptoendolithic communities 
in Antarctica. Finding out whether this happened will be part of the investigations 
performed by the ExoMars mission. 

12.2.1.3 Search for Life: Conclusions 

The strategy to find traces of past biological activity rests on the assumption that 
any surviving signatures of interest will be preserved in the geological record, in the 
form of buried/encased remains, organic materials, and fossil communities. 
Similarly, because current Martian surface conditions are hostile to most known 
organisms, also when looking for signs of extant life, the search methodology 
should focus on investigations in protected niches: underground, in permafrost, or 
within surface rocks. Therefore, the same sampling device and instrumentation 
can adequately serve both types of studies. The biggest difference is due to location 
requirements. When searching for extinct life, the interest lies in areas occupied by 
ancient bodies of water over many thousands of years. For extant life, the emphasis 
is on water-rich environments close to the surface and accessible to our sensors 
today. For the latter, the presence of permafrost alone may not be enough. 
Permafrost in combination with a sustained heat source, probably of volcanic or 
hydrothermal origin, may be necessary. Such warm oases can only be identified by 
an orbital survey of the planet. In the next few years, a number of remote sensing 
satellites, such as ESA's Mars Express and NASA's Mars Reconnaissance Orbiter 
(MRO), will determine the water-ice boundary across Mars and may help to 
discover any such warm spots. If they do exist, they would be prime targets for 
missions such as ExoMars. 

On Earth, microbial life quickly became a global phenomenon. If the same 
explosive process occurred on the young Mars, the chances of finding evidence of 
past life may be good. Even more interesting would be the discovery and study of 
life forms that have successfully adapted to modern Mars, such as the cryptoendo- 
lithic communities discussed in Section 12.2.1.2. However, this presupposes the 
prior identification of geologically suitable, life-friendly locations where it can be 
demonstrated that liquid water still exists, at least episodically throughout the year. 
For these reasons, the "Red Book" science team advised ESA to focus mainly on the 
detection of extinct life, but also to build enough flexibility into the mission design 
to be able to target sites with potential for present life. 

12.2.2 

Hazards for Human Operations on Mars 

Before astronauts can be sent to Mars, one must understand and control any risks 
that may pose a threat to a mission's success. Some of these risks will be assessed 
with ExoMars. 
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Ionizing radiation is probably the single most important limiting factor for 
human interplanetary flight. To evaluate its danger and to define efficient miti- 
gation strategies, it is desirable to incorporate radiation-monitoring capabilities 
during cruise, orbit, and surface operations on precursor robotic missions to Mars. 

Another physical hazard may result from the basic mechanical properties of the 
Martian soil. Dust particles will invade the interior of a spacecraft during surface 
operations, as shown by the Apollo missions to the Moon. Dust can pose a threat to 
astronauts on Mars, and even more so under microgravity during the return flight 
to Earth. Characteristics of the soil, such as the size, shape, and composition of 
individual particles, can be studied with dedicated in situ instrumentation. How- 
ever, a more in-depth assessment, including a toxicity analysis, will require the 
return of a suitable Martian sample. 

Reactive inorganic substances could constitute chemical hazards on the Martian 
surface. Free radicals, salts, and oxidants are very aggressive in the presence of 
humidity, e.g., in the lungs and eyes. In addition, toxic metals, organics, and 
pathogens are potential hazards. As with dust, chemical hazards present in the 
soil might contaminate the interior of a spacecraft during surface operations. They 
could affect the health of astronauts and the operation of equipment. Many 
potential inorganic and organic chemical hazards may be identified with the 
ExoMars search-for-life instruments. 

12.2.3 

Geophysics Measurements 

The processes that have determined the long-term habitability of Mars depend on 
the geodynamics of the planet and on its geological evolution and activity. Im- 
portant issues still need to be resolved: What is Mars's internal structure? Is there 
any volcanic activity on Mars? The answers may allow us to extrapolate into the 
past, to estimate when and how Mars lost its magnetic field and the importance of 
volcanic outgassing for the early atmosphere. 

ExoMars will carry a geophysics and environment package (GEP), accommo- 
dated on the descent module. 



12.3 

ExoMars Science Strategy 

The mission strategy to achieve the scientific objectives of ExoMars is as follows: 

• To land on, or be able to reach, a location of high exobiology 
interest for past and/or present life signatures, i.e., access to 
the appropriate geological environment. 

• To collect scientific samples from different sites, using a rover 
carrying a drill system capable of reaching well into the soil 
and surface rocks. This requires mobility and access to the 
subsurface. 
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Fig. 12.4 The ExoMars surface science ex- 
ploration scenario. The rover will conduct 
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measurements at multiple scales, starting with with the collection of well-selected samples to 



a panoramic assessment of the geological 
environment, progressing to smaller-scale in- 



be studied by the rover's analytical laboratory 
(image credit: ESA). 



• To conduct at each site an integral set of measurements 
at multiple scales (Fig. 12.4), beginning with a panoramic 
assessment of the geological environment, progressing to 
smaller-scale investigations on interesting surface rocks 
using a suite of contact instruments, and culminating with 
the collection of well-selected samples to be studied by the 
rover's analytical laboratory. 

• To characterize the environment and the geophysical pa- 
rameters relevant for life, the hazards to humans, and the 
planetary evolution. 



To arrive at a clear and unambiguous conclusion on the existence of past or present 
life at rover sites, it is essential that the search instrumentation be able to provide 
mutually reinforcing lines of evidence, while minimizing the opportunities for 
alternative interpretations. It is imperative that all instruments be carefully de- 
signed so that none becomes a weak link in the chain of observations. Performance 
limitations in an instrument intended to confirm the results obtained by another 
should not generate confusion and discredit the whole measurement. 



12.4 ExoMars Mission Description 337 



The science strategy for the Pasteur payload is therefore to provide a self- 
consistent set of instruments that can obtain reliable evidence for or against the 
existence of a range of biosignatures at each search location. This will be achieved 
through the detection of organic compounds and oxidants, as well as by determin- 
ing the geological context, mineralogy, and geochemistry of the samples being 
analyzed. 

12.4 

ExoMars Mission Description 

The baseline mission scenario, shown in Fig. 12.5, consists of a spacecraft compo- 
site with a carrier and a descent module, launched by a Soyuz 2 b rocket from 
Kourou, Europe's spaceport in French Guiana. It will follow a two-year "delayed 
trajectory" designed to reach Mars after the statistical dust storm season. The 
carrier will release the descent module from the hyperbolic arrival path. The 
descent module will enter the Martian atmosphere, land (using either bouncing 
[non-vented, as in MER] or non-bouncing [vented] airbags), and deploy the rover 
and GEP. In the baseline mission, data relay for the rover will be provided by a 
NASA orbiter. The main characteristics of the ExoMars mission are listed in 
Table 12.1. 




Fig. 12.5 The ExoMars "baseline" mission architecture, based on 
a "carrier plus descent module" composite launched by a Soyuz 
2 b rocket. The descent module is released from the hyperbolic 
arrival trajectory and delivers the rover to the Martian surface 
(image credit: ESA). 
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Table 12.1 Main characteristics of the ExoMars mission. 



Area 


Type 


Specification 


Technical data 


Spacecraft 


Carrier plus descent module including rover 
and GEPM 

Data relay provided by NASA 




Launch 


May-June 2013, from Kourou on Soyuz 2 b 
(backup 2015) 




Arrival at Mars 


June 2015 (backup 2017) 




Landing on Mars 


Direct entry, from hyperbolic trajectory, after the 
dust storm season. 

Latitudes between 15° S and 45° N, all longitudes; 
Altitude: < 0 m, relative to the MGS/MOLA [al 
zero level 


Science 


Rover + Pasteur 


Mass 170-190 kg, includes drill system, SPDS |b| , 
and instruments (8 kg); 
Lifetime > 180 sols 




GEPW 


Mass < 20 kg; includes instruments (4-5 kg); 
Lifetime ^ 1 year 


Ground segment 


Mission 

control/mission 
operations 


European Space Observation Center (Germany) 




Rover operation 


Rover Operations Center (Italy) 




on Mars surface 






GEP' C ' operations 


To be decided 



a Mars Global Surveyor/Mars Orbiter Laser Altimeter 
b Sample preparation and distribution system 
c Geophysics and environment package 



An alternative configuration, based on an Ariane 5 ECA launcher, may be imple- 
mented depending on programmatic, technical, and financial considerations 
(Ariane 5 ECA is the latest version of the Ariane 5 launcher. In this option (Fig. 
12.6), the carrier is replaced by an orbiter that provides end-to-end data relay for the 
surface elements. The orbiter will also carry a science payload to complement the 
results from the rover and the GEP and provide continuity to the great scientific 
discoveries of Mars Express. 

ExoMars is a search-for-life mission targeting regions with high life potential. It 
has therefore been classified as planetary protection category IVb/c (see Chapter 
13). This, coupled with the mission's ambitious scientific goals, imposes challeng- 
ing requirements regarding sterilization and organic cleanliness. 
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Orbiter and Descent Module 



Spacecraft composite 



Data Relay 



Orbiter Science 




Science Elements 



GEP 



ExoMars Rover 




Fig. 12.6 The ExoMars "orbiter" option architecture, based on 
an "orbiter plus descent module" composite launched by an 
Ariane 5 ECA rocket. The descent module delivers the rover to 
the Martian surface, and the orbiter includes a science payload 
(image credit: ESA). 



12.4.1 

The ExoMars Rover 

The ExoMars rover will have a nominal lifetime of 180 sols (approximately 
6 months, 1 sol = 24 h and 39 min). During this period, it will ensure a regional 
mobility of several kilometers, relying on solar array electrical power (Fig. 12.7). 
The Pasteur model payload (see Tables 12.2 and 12.3) contains: 

• panoramic instruments (cameras, a ground-penetrating 
radar, and an IR spectrometer); 

• contact instruments for studying surface rocks and soils 
(close-up imager and Mossbauer spectrometer); 

• a subsurface drill capable of reaching depths down to 2 m and 
of collecting specimens from exposed bedrock; 

• a sample preparation and distribution system; and 

• the analytical laboratory. 

The latter includes a microscope, an oxidation sensor, and a variety of instruments 
for characterizing the organic substances and the geochemistry in the collected 
samples. 
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Fig. 12.7 Artist's representation of the ExoMars rover's egress 
from the descent module (image credit: ESA). 



Table 12.3 Recommended Pasteur environment instruments. 



Instrument 


Function 


Environment instruments 


To characterize possible hazards to future human missions 
and to increase our knowledge of the Martian environment. 


Dust suite 

UV spectrometer 
Ionizing radiation 

Meteorological package 


Determines the dust grain size distribution and deposition 

rate. It also measures water vapor with high precision. 

Measures the UV radiation spectrum. 

Measures the ionizing radiation dose reaching the surface 

due to cosmic rays and solar particle events. 

Measures pressure, temperature, wind speed and direction, 

and sound. 


Mass: 1.9 kg. 



A key rover element is the drill. The reason for the 2-m requirement is the need to 
obtain pristine sample material for analysis. The tenuous atmosphere of Mars 
allows damaging space radiation to penetrate into the uppermost meters of the 
planet's subsurface, affecting the long-term preservation of organic molecules that 
might be associated with extinct life or meteoritic infall. Figure 12.8 shows the 
surviving fraction of amino acids versus depth after simulated exposures of 0.5, 1, 
and 3 billion years to ionizing radiation in the Martian subsurface. With the 
present detection limit of 0.01 ppb per amino acid, reductions of up to 10~ 6 can 
be tolerated (dashed line in Fig. 12.8), beyond which amino acid signatures become 
undetectable. This result indicates that when one is searching for biomarkers of 
Martian life that became extinct more than 3 billion years ago, it is necessary to 
access the subsurface in the range of 2 m. 

On Mars, any exposed organic biomarker or life form is readily degraded by UV 
radiation and by reactive oxidant species resulting from surface UV-induced 
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photochemistry. Although no clear proof regarding the presence of reactive 
oxidants has yet been established, radiochemical models of the Martian atmos- 
phere and measurements from the Viking experiments suggest their presence on 
the Martian surface. Depending on the modeling parameters, the calculated range 
for the oxidant extinction depth (i.e., the depth at which the modeled concen- 
tration of the oxidizing agents approaches zero because of their interaction with 
the subsurface environment) is between centimeters and several meters. However, 
these estimates refer to global mean values. The actual penetration of putative 
oxidants will depend on local conditions, such as soil/rock porosity, which can 
limit their diffusion. To minimize the effects of oxidants, the ExoMars drill must 
be able to penetrate and obtain samples from well-consolidated (hard) formations, 
such as sedimentary rocks and evaporitic deposits, at depths beyond 1.5 m. 
Additionally, it is essential to avoid loose dust deposits distributed by eolian 
transport. While driven by the wind, this material was intensely processed by 
UV radiation, ionizing radiation, and potential oxidants in the atmosphere and on 
the surface of Mars. Any organic biomarkers will be highly degraded in these 
samples. 

The ExoMars rover must monitor and control torque, thrust, penetration depth, 
and temperature at the drill bit. Grain-to-grain friction in a continuous rotary drill 
can generate a heat wave in the sample, destroying the organic molecules that 
ExoMars seeks to detect. The drill therefore has a variable cutting protocol that can 
dissipate heat in a science-safe manner. The drill's full 2-m extension is achieved by 
assembling four sections: one drill tool rod, with an internal shutter and sampling 




0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Depth (m) 



Fig. 12.8 Surviving fraction of amino acids amino acid signatures become undetectable, 

versus depth in the Martian subsurface after Therefore, when searching for biomarkers of 

simulated exposures of 0.5, 1 , or 3 billion years Martian life that became extinct more than 

to ionizing radiation. The dashed line at a 3 billion years ago, it is necessary to access the 

survival rate of 1CT 6 gives the present detection subsurface in the range of 2 m. Adapted from 

limit of 0.01 ppb per amino acid, beyond which Kminek and Bada (2006). 
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collection capability, plus three extension rods (Fig. 12.9). The drill is also equipped 
with an IR spectrometer for mineralogy studies inside the borehole. 

The analysis sequence within Pasteur's analytical laboratory is presented in 
Fig. 12.10. The drill system delivers the acquired sample to the sample preparation 
and distribution system (SPDS). A detailed optical/spectral inspection is per- 
formed using the microscope, the Raman spectrometer, and the laser-induced 
breakdown spectrometer. After these data have been studied, the rover control 
center instructs the SPDS to grind the sample. Powder material is then distributed 
to the remaining instruments. The X-ray diffractometer determines the sample's 
mineralogy. The Mars Oxidant Instrument characterizes chemical species in the 
Martian soil and measures their reactivity. The Mars Organics Detector searches 
for trace levels of specific organic molecules, such as amino acids, nucleotides, and 
polycyclic aromatic hydrocarbons with unprecedented sensitivity (a factor of 10 4 
greater than the Viking GC-MS package; see Section 12.2.1.2). The GC-MS con- 
ducts a broad search for organic molecules. Finally, the Life-Marker Chip looks for 
biomarkers using recombinant antibody technology. 

If any organic compounds are detected on Mars, it should be possible to 
demonstrate that they were not brought from Earth. The only way to reliably prove 
that the rover is free from contaminants is to perform an initial measurement run 
using a blank sample. It is not sufficient to do this at the instrument level, as the 
contamination could still come from the sampling device. For this reason, the 
ExoMars rover will carry three blank calibration samples that are accessible to the 
drill system. Upon landing, one of the first scientific actions will be to use the drill 
to collect and pass a blank sample to the analytical laboratory and perform a full 
investigation. The result of this investigation should indicate "no life" and "no 
organics." Failure to obtain this first negative reading may invalidate any later 
search-for-life findings. The second blank sample serves a different purpose. It 
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Fig. 12.10 Analysis sequence within Pasteur's analytical 
laboratory (image credit: ESA). 



provides a means to directly assess the impact of sample cross-contamination. In 
case organics are detected, a blank sample can be introduced into the measuring 
chain to quantify in situ how much the organic levels drop from those measured 
using material from the previous sample. The third blank sample is a reserve. 

12.5 

Outlook and Conclusions 

NASA's highly successful twin MER missions were conceived as robotic geologists. 
They have demonstrated the past existence of long-lasting, wet environments on 
Mars. Their results have persuaded the scientific community that mobility is a 
must-have requirement for all future surface missions. Recent discoveries from 
Mars Express have revealed multiple deposits containing salt and clay minerals that 
can form only in the presence of liquid water. This reinforces the hypothesis that 
ancient Mars may have been wetter, and possibly warmer, than it is today. NASA's 
2009 Mars Science Laboratory will study surface geology and organics, with the goal 
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of identifying habitable environments. ESA's 2013 ExoMars is the next logical step. 
It will have instruments to investigate whether life ever arose on the Red Planet. It 
will also be the first mission combining mobility and access to subsurface locations 
where organic molecules may be well-preserved, thus allowing for the first time an 
investigation of Mars's third dimension: depth. This alone is a guarantee that the 
mission will break new scientific ground. Finally, the many technologies developed 
for this project will allow ESA to prepare for international collaboration on future 
missions, such as Mars Sample Return. 
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12.7 

Questions for Students 

Question 12.1 

When searching for traces of past life on Mars, describe why it is important to 
have access to "protected" environments - protected from what? Which sort of soils 
should a sampling device be able to obtain sample material from (hard, soft, 
porous, dust) and why? 

Question 12.2 

Assuming that the level of organics/organisms in the Martian soil is very small, 
describe a strategy to maximize your chances for a positive detection. In a couple of 
paragraphs, describe what you think is important. 



13 

Astrobiology Exploratory Missions and Planetary Protection 
Requirements 

Gerda Horneck, Andre Debus, Peter Mani, and J. Andrew Spry 

This chapter describes the legal and scientific issues of planetary 
protection requirements required for each space mission within 
our Solar System. Planetary protection is based on an interna- 
tional treaty to prevent the introduction of microbes from the 
Earth to another celestial body or vice versa, whether this occurs 
intentionally or unintentionally. Based on this treaty, a concept 
of contamination control has been elaborated by the Committee 
of Space Research (COSPAR) with regard to specific classes of 
mission-target combinations, and it is recommended that each 
space-faring organization follow it. The intention of planetary 
protection is twofold: first, to protect the planet being explored and 
to prevent jeopardizing search-for-life studies, including those for 
precursors and remnants, and second, to protect the Earth from 
the potential hazards posed by extraterrestrial matter carried on a 
spacecraft returning from another celestial body. Missions to 
different bodies in our Solar System that are of astrobiological 
interest are considered with regard to planetary protection 
requirements. 



13.1 

Rationale and History of Planetary Protection 

Space activities started about 50 years ago, in 1957, when the first manmade object 
reached outer space and broadcasted its signals around the world. With Sputnik - 
the name of this first satellite - a long-desired vision of mankind became reality, 
namely, the ability to leave the boundaries of our Earth and enter space. In parallel 
with the rapid development of space activities that followed this first enterprise 
(1961, first cosmonaut in space; 1966, first safe robotic landing on the Moon with 
Surveyor 1; 1969, first human landing on the Moon), concern was raised about 
possible contamination of the Moon and planets by terrestrial microorganisms. 
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This concern was formulated by the National Academy of Sciences (NAS) of the 
United States as early as 1958: 

"The NAS of the USA urges that scientists plan lunar and 
planetary studies with great care and deep concern so that initial 
operations do not compromise and make impossible forever after 
critical scientific experiments. For example, biological and radio- 
active contamination of extraterrestrial objects could easily occur 
unless initial space activities be carefully planned and conducted 
with extreme care. The NAS will endeavor to plan lunar and 
planetary experiments in which the Academy participates so as to 
prevent contamination of celestial bodies in a way that would 
impair the unique and powerful scientific opportunities that might 
be realized in subsequent scientific exploration. " 

Of course, such efforts to prevent contamination of the Moon and planets can be 
efficient only if they are followed globally by all space-faring nations. 

It took until 1967, with 10 years of meetings and consultations after the first 
launch of a satellite, for the requirement for planetary protection to be incorporated 
into Article IX of the Outer Space Treaty of the United Nations (Treaty on 
Principles Governing the Activities of States in the Exploration and Use of Outer 
Space, including the Moon and Other Celestial Bodies). The text reads as follows: 

"States Parties to the Treaty shall pursue studies of outer space, 
including the Moon and other celestial bodies, and conduct ex- 
ploration of them so as to avoid their harmful contamination and 
also adverse changes in the environment of the Earth resulting 
from the introduction of extraterrestrial matter, and where 
necessary, shall adopt appropriate measures for this purpose." 

This treaty has been signed and ratified by practically all space-faring nations. It 
provides that any of its parties can request consultation with any other party 
concerning the latter' s activities or experiments that might be harmful to the use 
of outer space. This treaty is the foundation on which all subsequent recommen- 
dations and guidelines of "planetary protection" (or "planetary quarantine," a term 
used until 1975) are based. 

The rationale for planetary protection is the supposition that life could be a 
universal or planetary phenomenon that emerges at a certain stage of either cosmic 
or planetary evolution, if the right environmental physical and chemical require- 
ments are present (see Chapter 1). Therefore, although the Earth is the only planet 
known to harbor life, there may be many more habitable or even inhabited celestial 
bodies in our Solar System or beyond (see Chapter 6). With space exploration, we 
possess for the first time the tools required to reach candidate moons and planets 
in our Solar System by means of spacecraft and to search in situ for signatures of 
indigenous life, either extinct or extant. However, the introduction - by means of 
orbiters, entry probes, or landing vehicles - and possible proliferation of terrestrial 
life forms on other planets could entirely destroy the opportunity to examine the 
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target planets or moons in their pristine conditions. From this concern by the 
scientific community, the concept of planetary protection has evolved. Its intent is 
twofold: 

• To protect the planet or moon being explored and to preserve 
its environment from terrestrial biological contamination in 
order to prevent jeopardizing search-for-life studies, includ- 
ing those for precursors or remnants; this process is called 
"forward contamination prevention." 

• To protect the Earth and its biosphere and human population 
from the potential hazards posed by extraterrestrial matter 
carried on a spacecraft returning from another celestial body; 
this process is called "backward contamination prevention." 

In addition, planetary protection is concerned with the preservation of the proper- 
ties of the extraterrestrial samples themselves, as far as they are to be subjected to 
exobiological investigations, either in situ at the surface of the extraterrestrial body 
or when brought back to Earth. If correct and reliable preservation of the extra- 
terrestrial samples (or of parts of them) is not ensured, resulting in possible 
contamination by terrestrial organisms or a change in the properties of the sample 
material, one might draw false conclusions about the presence of extraterrestrial 
life forms or biohazards. The consequence of such mistreatment of extraterrestrial 
samples could be either a false-positive result, requiring additional but unnecessary 
planetary protection measures, or a false-negative result, giving rise to free dis- 
tribution of potentially hazardous samples. False-negative results could endanger a 
human exploratory mission to a planet under consideration if the environment is 
interpreted as harmless when in reality it is hazardous. 

13.2 

Current Planetary Protection Guidelines 

As previously noted, under the 1967 Outer Space Treaty of the United Nations, the 
exploration of the Solar System needs to be in compliance with a set of planetary 
protection constraints, for both outbound and inbound missions. These con- 
straints impose specific requirements on spacecraft design and construction, 
such as the introduction of sterilization procedures, integration under ultra-clean 
or even sterile conditions, microbiological and cleanliness control, and the use of 
highly reliable systems in order to avoid crash landings. In the particular case of 
sample return missions, the potential introduction of sample quarantine is also 
added. Such requirements are required solely for planetary protection purposes 
and need to be considered right at the beginning of the planning of a mission to the 
planets, moons, or small bodies (comets or asteroids) of our Solar System. 

The current planetary protection guidelines were developed by the scientific 
community under the auspices of the Committee on Space Research (COSPAR) 
through its Panel on Planetary Protection. COSPAR was formed in 1958 by the 
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International Council of Scientific Unions to coordinate worldwide space research. 
In this context, COSPAR also assumed responsibility for the contamination prob- 
lem. COSPAR is an observer at the United Nations Committee on Peaceful Uses of 
Outer Space and reports to the United Nations through its periodic Scientific 
Assemblies. 

Concerning Planetary Protection, the current COSPAR policy is as follows: 

"Although the existence of life elsewhere in the Solar System may 
be unlikely, the conduct of scientific investigations of possible 
extraterrestrial life forms, precursors, and remnants must not be 
jeopardized. In addition, the Earth must be protected from the 
potential hazard posed by extraterrestrial matter carried by a 
spacecraft returning from another planet. Therefore, for certain 
space mission/target planet combinations, controls on contami- 
nation shall be imposed, in accordance with issuances imple- 
menting this policy. " 

This notation reflects that the current COSPAR policy is based on a scientific 
interpretation of the Outer Space Treaty and that topics such as protection of the 
environment and ethical considerations are not covered. However, it is important 
to note that all space-faring nations are bound to comply with the COSPAR policy 
and, consequently, with its recommendations. Hence, the planetary protection 
guidelines of COSPAR shall be included in the relevant planetary protection 
documentation of the various space agencies. 

The first planetary protection guidelines (developed by COSPAR in 1959 and 
initially called COSPAR Objectives for Planetary Quarantine) were based on 
relevant information about the probability of the survival and release of organisms 
contained either in or on exposed surfaces of spacecraft, about the surface and 
atmosphere characteristics of the planet under consideration, and about the 
probable distribution and growth of the types of organisms involved. The first 
requirements for missions to Mars and other planets set by COSPAR, in 1964, 
imposed a maximum probability of 10" 4 to find one viable microorganism per 
spacecraft (or one viable microorganism per 10 000 spacecrafts) and stated that the 
probability of any unsterilized hardware crashing must be less than 3 x 10~ 5 . Later, 
in 1969, the basic objective of the planetary quarantine was to achieve a probability 
of no more than 1 x 10" 3 for contamination during the period of biological explo- 
ration. This period was assumed to be 20 years for Mars, starting from 1969 and 
extending through the end of 1988, and was assumed to include approximately 
100 missions. These numbers demonstrate the optimistic view that was taken at 
the beginning of Solar System exploration. However, in this period, the only 
successful landings on Mars were the two Viking missions, and a further three 
landers were sent to Venus (see Section 13.4). 

The early COSPAR concept of probability of contamination of a planet of 
biological interest was replaced in 1989 by a concept of contamination control. 
This was to be elaborated specifically for certain space mission-target planet 
combinations, such as orbiters, landers, or sample return missions. The current 



13.2 Current Planetary Protection Guidelines | 357 

planetary protection recommendations, formulated by COSPAR through its Panel 
on Planetary Protection and in agreement with its own policy, separately consider 
the target planet or body (including Solar System bodies encountered as flybys 
during the mission) on one hand and the type of mission on the other: 

• Concerning the extraterrestrial body to be explored, one has to 
consider that, for instance, the risk of contaminating Mars is 
not the same as that of contaminating Venus, because a 
landing mission to the latter planet, which has an ambient 
surface temperature of more than 400 °C, will already be 
sufficiently sterilized during the landing process. 

• Concerning the type of mission (orbiter, flyby, lander, or 
sample return), it is obvious that the contamination risk is not 
the same for a spacecraft orbiting around a planet as for a 
probe landing on its surface. 

The current position is described in Table 13.1. This information is updated 
periodically by COSPAR in line with the best scientific advice. 

According to the scientific interest and mission goals for the different targets in 
our Solar System, COSPAR's planetary protection guidelines group missions into 
five categories (see Table 13.1). 

13.2.1 

Category I Missions 

Category I missions include any mission (orbiters, flyby, or landers) to a target body 
that is not of direct interest for understanding the process of chemical evolution, 
origin of life, or other questions of astrobiology. The target bodies include the 
planets Mercury and Venus, the Moon, and undifferentiated, metamorphosed 
asteroids and the Sun. However, other celestial bodies may be added to this list 
depending on the scientific results obtained in the future. In category I, no 
protection of the planets or bodies is warranted, and therefore no planetary 
protection requirements are imposed on the spacecraft and mission. Examples 
include Smart I (targeting the moon) and Genesis (outbound - not encountering 
any Solar System bodies). 

13.2.2 

Category II Missions 

Category II refers to all types of missions (orbiters, flyby, or landers) to target 
bodies where there is significant interest relative to the process of chemical 
evolution, but where there is only a remote chance that contamination carried by 
a spacecraft could jeopardize future exploration. Target planets and other bodies 
include the giant planets Jupiter, Saturn, Uranus, and Neptune; the remote dwarf 
planet Pluto with its moon Charon; comets; carbonous chondrite asteroids (these 
asteroids contain a substantial amount of organic material); and the objects of the 



358 13 



Astrobiology Exploratory Missions and Planetary Protection Requirements 



> 



B a 8 



if S 

B o 

o u 

o . . 

2 £ 



B "S M 

° ™ b 



OJ rt 



1^ M H 3 u 



.2 J 
■ai! 



2 B 

ti 5 

.Si, 3 

rt CD 



-B ~ „ 

tS ^ -I 



a 
■c 

T3 ^ 



>s o 



ft 3 



J* 

fi £ 



rt OJ 

< ^9 ij 



T3 






OJ 






u 




o 


an 




z 


■6 






rt 
tj 




etur 


OJ 






'o 

f- 






cx 




rt 






w 




H 


^3 




rt 


V 


1 


X 


tj 



+j en cu 



S 3 

ft w 



i3 oj 
B -S 
P -S 



- b a _ 

IK I S 



ft m ro 
n ™ ft 

b p ST 
o 

CD 



■fi 00 B T3 



- 3 -9 



B 

OJ 

g 

3 



QD OD 



B .S ^ 

S t« s 

B -2 b 

0) 13 



a 
c 

a 

"3 b 2 



P b "3 'P. 



n p ro 



ro ■" 3 



a 

. o 
ft T= 



t3 n „ s ^ 

D h (fl S O 

o » C"H2 

>h 44 ro ro t+n 

} ft U ft rB o 



b 
o 

60 



a o 

O CD 

B oi 

0J w 



rt ro *o 
ft ft fi 

■S & § 
b a u 

•" X O n T3 

>^ & .-s S g 

Is SI O 



2 un 



ja 

5 



3 



i-l ft ja 



| £ J 

n ES 
ro ni 5 

S"o g 

O ft 



H OJ 



ft T3 

S B 



a. S g b ° 
s 2 ft 



a 
o 

a 

3 O 

<u S3 

H 3 

S o 
ro u P 



— ■ o 

a 
o 

'iJ 2 u S 

J S fl 

H ft o - 9 

OJ H 'rt it 

3 f*- S b 

u y P rt 

>- ^ . 

— H W 4L 



■ess 



XI rt O 

U rQ rJ^ rt 



o 

O _ 

O O 

.. ft Dh 

B ^ S 

•a -S -S 

& a a 

g; ro ro 



§3 

a a 

O OJ 



^a 

s 



b 
o 



cn Z 



b 
o 
on 



a 

^ s 



H Q 



13.2 Current Planetary Protection Guidelines | 359 

Kuiper Belt. Again, other bodies may be added following new scientific results. In 
category II, the planetary protection recommendations require relatively simple 
documentation. The main requirement is to prepare a planetary protection plan 
before the mission describing a brief pre- and post-launch analysis and whether it 
is planned to impact on the target - or whether this may happen accidentally. In 
both cases, a detailed description of impact strategies is required. Furthermore, 
reports are required after the encounter with the celestial body and at the end of 
mission. These reports should give further details on the location of impact if such 
an event occurred. Reporting of planned impact probability and contamination 
control measures is also required. Mission examples include Venus Express, Cassi- 
ni-Huygens (which had flybys at Venus, Earth, and Jupiter before arriving at the 
Saturnian system), and Stardust (which encountered the comet Wild 2). 

13.2.3 

Category III Missions 

Category III comprises certain types of missions (mostly flyby or orbiters) to a 
target planet or body that - according to the current understanding - is of interest 
with regard to chemical evolution and/or the origin of life or for which scientific 
opinion considers that a potential contamination with terrestrial microorganisms 
could jeopardize future biological experiments, e.g., those searching for signatures 
of indigenous life. Our neighbor planet Mars and the Jovian moon Europa are 
classified in this category. However, depending on future scientific results, other 
bodies, especially other moons of the giant planets, may be included in this 
category. It is important to note that an impact with the target body is not foreseen 
for the missions of category III. However, if the probability of accidental impact is 
significant, an inventory of the bulk constituent organics is required. In addition to 
a more extensive documentation than required in category II, for category III it is 
necessary to assemble and test the spacecraft in a clean room, to monitor the 
bioburden (number of terrestrial microorganisms present) and reduce if necessary, 
and to include trajectory biasing. For instance, for orbital or flyby missions sent 
toward Mars, the spacecraft crash probability must be less than 1% during the 
20 years following the launch and 5 % for the 50 years following the launch. For the 
Jovian moon Europa, the crash probability must be less than 0.01 %. Example 
missions include all the Mars orbiters {Mars Global Surveyor, Mars Odyssey, Mars 
Express, Mars Reconnaissance Orbiter). 

13.2.4 

Category IV Missions 

Category IV missions are those missions of the utmost astrobiological interest. 
They include mostly entry probe or lander missions to a target planet of interest 
with regard to chemical evolution and/or origin of life or for which scientific 
opinion provides a significant chance that contamination by terrestrial micro- 
organisms could jeopardize future biological experiments. As in category III, the 
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celestial targets are Mars and Jupiter's moon Europa, but in this case, missions to 
the surface or subsurface are considered. For missions to Mars, depending on the 
landing site and the scientific purpose of the mission, the following subcategories 
are defined. 

• Category IVa: Mission with lander systems not carrying 
instruments for the investigation of extant Martian life. 

• Category IVb: Mission with lander systems carrying instru- 
ments for the investigation of extant Martian life. 

• Category IVc: Landing mission to a special region, defined as 
a region within which terrestrial microorganisms are likely to 
propagate or a region that is interpreted to have a high 
potential for extant Martian life forms. Given current under- 
standing, this category concerns regions where liquid water is 
present or may occur. Examples include subsurface access in 
an area and to a depth where the presence of liquid water is 
probable, penetrations into the polar caps, or areas of poten- 
tial hydrothermal activity. At the time of writing (2006), un- 
certainty over what exactly constitutes a Martian "special 
region" is a subject of discussion within the Mars exploration 
community. Clear guidance on this issue is required for the 
ongoing mission set; some clarification can be expected from 
within the community within the next few months and years. 
With regard to Jupiter's moon Europa, the probability of 
contaminating Europa with one single viable microorganism 
must be less than 0.01 %. 

For category IV missions, more detailed planetary protection documentation is 
required than for category III missions. The planetary protection requirements 
include bioassays to enumerate the bioload, a probability of contamination analy- 
sis, an inventory of the bulk constituent organics, and an increased number of 
implementation procedures. The implementation procedures required include 
trajectory biasing, clean-room assembly, bioburden reduction and monitoring, 
and, possibly, partial sterilization of the directly contacting hardware and a bio- 
shield for that hardware, depending on the subcategory considered. Pathfinder, 
Beagle 2, and the Mars Exploration Rover missions are all examples of category IV 
missions. 

13.2.5 

Category V Missions 

Category V includes all missions within our Solar System that return to the Earth. 
The concern for these missions is the protection of the Earth and the Moon, which 
are considered a single system (preventing back contamination). In this context, 
the Moon is to be protected from back contamination to retain freedom from 
planetary protection requirements on Earth-Moon travel. 
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Return missions from all Solar System bodies are included in category V. Those 
classified as "safe for Earth return" do not have constraints on handling or mission 
design. This is a risk-based decision, determined by scientific opinion when 

• there was never liquid water in or on the target body, 

• metabolically useful energy sources were never present, 

• there was never sufficient organic matter (or C0 2 or carbo- 
nates and an appropriate source of reducing equivalents) in or 
on the target body to support life, 

• the target body has been subjected to extreme temperatures 
(e.g., >160°C), 

• there is or was sufficient radiation for biological sterilization 
of potential life forms, and 

• there has been a natural influx to Earth (e.g., via meteorites) of 
material equivalent to a sample returned from the target body. 

Missions from all other planets and moons of our Solar System are classified as 
"restricted for Earth return" and must follow the additional category V require- 
ments. The highest degree of concern is expressed by the absolute prohibition of 
impact upon return, the need for any returned hardware that directly contacted the 
target body to be sterile (contact chain breaking if sterilization is not possible), and 
the need for containment of any non-sterilized sample collected and returned to 
Earth. In general, this concern is reflected in a range of requirements that 
encompass those of category IV plus a continuing monitoring of project activities. 
Special research is required before the mission in order to develop suitable and 
efficient remote sterilization procedures and reliable containment techniques. 

The return elements of Genesis and Stardust are examples of "unrestricted-Earth - 
return" category V missions. No restricted-Earth-return missions have flown since 
the development of the category-based planetary protection approach. 

13.2.6 

Future Development of Planetary Protection Guidelines 

It should be stressed that the COSPAR Planetary Protection Guidelines are a living 
document that is steadily adapted to new findings on the habitability of the bodies 
of our Solar System and new knowledge about terrestrial microbiology. Especially 
in view of the current and planned landing activities on Mars (see Chapter 12), with 
robotic and finally human visits, the planetary protection guidelines are currently 
under review. For this purpose, the European Space Agency (ESA) and the Na- 
tional Aeronautics and Space Administration (NASA) have established Planetary 
Protection Advisory Groups gathering scientists from fields such as astrobiology, 
planetology, microbiology, hygiene, and sterilization technology. The priority task 
of these groups is to advise the agencies concerning efficient planetary protection 
measures for samples returned from Mars and for human exploratory missions, 
e.g., those landing on Mars. For human mission concepts, no planetary protection 
guidelines have been developed by COSPAR to date. 
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13.3 

Implementation of Planetary Protection Guidelines 

Planetary protection considerations must be implemented very early in the 
development of a space mission to one of the bodies of our Solar System, because 
they may influence the design and integration of the final spacecraft and its 
operations. The initial starting point is the determination of the relevant category 
of the space mission-target planet combination (Table 13.1) and whether some 
sort of bioload control may be necessary. Usually the first formal recognition of a 
requirement is in the Planetary Protection Plan. Here, the planetary protection 
requirements and how the project plans to meet them are described. After the 
Planetary Protection Plan is approved, generally by the planetary protection officer 
of the responsible space agency, a subsequent document, the Planetary Protection 
Implementation Plan, will give the detailed "how to" once the design is more 
clearly understood. 

This approach can differ significantly from mission to mission, according to the 
mission goals, complexity, and budgets (both funding and mass-volume budgets). 
However, planetary protection requirements need to be factored into the design 
process at an early stage (pre-phase A stage) of any mission to ensure compatibility 
between the design and the COSPAR requirements. For smooth implementation 
of planetary protection overall, it is important to ensure that iterations of the design 
and planetary protection implementation proceed in an integrated fashion, such 
that changes in design are assessed for their impact on planetary protection and 
vice versa, ensuring that the planetary protection requirements are met by the 
spacecraft and instruments finally selected to fly. To train spacecraft engineers in 
planetary protection issues, ESA and NASA regularly organize planetary protection 
courses for representatives of the space industry. 

As mentioned above, the first step is determining the category of the space 
mission-target planet combination (Table 13.1). Of special concern with regard to 
preventing forward contamination are missions of categories III and IV. Depend- 
ing on the categorization, the following measures need to be implemented during 
assembly until the final integration of a space system: 

• The bioburden should be reduced by defined and validated 
sterilization techniques. 

• Assembly of biocleaned space systems should take place in a 
clean room with biological cleanliness control measures and 
bioload control. 

• In order to avoid recontamination of the system after steri- 
lization, a cover to the space system as bioshield should be 
provided; typically this will be jettisoned in flight. 

• Terminal sterilization after final integration (through the 
bioshield using typically dry heat) should take place on a case- 
by-case basis, such as for category IVb or IVc missions to 
Mars, e.g., the Viking mission. 
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Most of the implementation procedures, as currently used, were originally devel- 
oped by NASA and are outlined in NASA documents. For example, the current 
planetary protection protocols for microbial examination, cleaning, and steriliza- 
tion of space hardware are largely based on Viking planetary protection state of 
knowledge (i.e., from the 1970s). Revision is currently underway because our 
knowledge about microbial diversity and adaptive strategies has immensely in- 
creased since the Viking era (see Chapters 5 and 12) and because several interna- 
tional groups have now gained experience in microbial sampling from spacecraft 
(e.g., from Viking, Pathfinder, Mars Polar Lander, Beagle 2, Mars Exploration Rovers, 
Smart-1, Rosetta). In a series of workshops, international space agencies are 
currently revisiting these planetary protection protocols with the aim of amending 

• the bioload measurements, by adding modern molecular 
biology analysis methods, and 

• the sterilization methods, by using modern methods such as 
those from treatment of medical devices or pharmaceuticals. 

13.3.1 

Bioload Measurements 

Monitoring the bioload of a spacecraft is essential for determining the compliance 
of a project with the planetary protection guidelines issued by COSPAR. There are 
several reasons for knowing the number and type of microorganisms in and 
around a spacecraft with regard to planetary protection issues: 

• The data are the basis for determining appropriate steriliza- 
tion or cleaning procedures. 

• The data will help us to understand the survival and growth 
potential of microorganisms on the target planet or moon. 

• If searching for signatures of life - especially extant life forms 
- is the goal of the mission, there is a need to know what type 
of terrestrial microorganisms may be present on the space- 
craft. 

• For sample return missions, it is required to know the bioload 
of the outbound spacecraft in order to avoid false-positive 
results upon return to Earth. 

The standardized, validated, culture-based microbial assay used by planetary pro- 
tection practitioners for determining the microbial bioload is given in the NASA 
document NPR 5340. For the sampling of microorganisms on the surface of 
spacecraft, its subunits, or equipment within a spacecraft assembly facility, the 
standard method includes either swabbing of multiple small areas (5x5 cm 2 ) on 
and near the probe with sterile cotton swabs (Fig. 13.1) or wiping larger areas 
(1 m 2 ) with a sterile wipe. The microorganisms are detached from the swabs/wipes 
by vortexing and sonication in distilled water or buffer, and part of the suspension 
is spread on agar plates of a defined growth medium and aerobically incubated at 
32 °C or 37 °C. The colony-forming units (CFU) are counted every 24 h, and the 
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Fig. 13.1 Swabbing of an area (5x5 cm 2 ) of 
a spacecraft subunit of the Mars '96 mission 
(photo credit: CNES). 

overall bioload is estimated from the final count after 72 h of growth. This 
procedure is based on a cultivation approach, allowing the detection of organisms 
able to grow under "standard" laboratory conditions. 

In order to determine the fraction of bacterial spores in the samples, a portion of 
the suspension is heat shocked at 80 °C for 15 min before plating and incubation. 
This process, generally known as pasteurization, leads to inactivation of most of the 
vegetative bacterial cells, whereas bacterial spores and also cells of heat-tolerant 
microorganisms survive the heat treatment. It was found that spore formers 
constitute the dominant fraction of microorganisms isolated from the surfaces 
of various spacecraft when the heat-shock method is used. These spore-forming 
microbes are of particular concern in the context of planetary protection, because in 
many species their endospores can be highly resistant to a variety of environmental 
extremes, including certain sterilization procedures and the harsh environment of 
outer space or planetary surfaces (see Chapter 5). Among these environmental 
isolates, strains have been identified that excel by an elevated resistance to various 
physical and chemical conditions, such as ionizing and UV radiation and desic- 
cation and oxidative stress, as compared to spores of related laboratory strains. It is 
speculated that the laboratory strains may have lost their resistance because of 
prolonged exposure to artificial laboratory conditions. 

In a study to further understand the spectrum of organisms present in spacecraft 
environments, selected microbial species isolated from several spacecraft (Mars 
Odyssey, Smart, Rosetta lander) and their assembly facilities were identified using 
16S rDNA sequencing. This molecular biology method uses genomic DNA iso- 
lated from the cultures under investigation as template for amplification by 
polymerase chain reaction (PCR). The phylogenetic relationship of the micro- 
organism is then determined by comparison of the individual 16S rDNA sequen- 
ces to other already-existing sequences in the public database. Among 45 Bacillus 
spore lines screened, 19 isolates showed high resistance to UV-C irradiation after 
exposure to 1 000 J m~ 2 at UV-C of 254 nm. Using separate UV bands at the Mars- 
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simulated solar constant including UV-A (315-400 nm), UV-(A+B) (280-400 nm), 
and full UV spectrum (200-400 nm), it was found that spores of Bacillus species 
isolated from spacecraft surfaces were more resistant to the Martian UV radiation 
climate than a laboratory strain, B. subtilis 168. Such studies are important because 
dust suspended in the Martian atmosphere can attenuate UV-C while allowing 
both UV-A and UV-B to reach the surface. Among all Bacillus species tested, spores 
of B. pumilus SAFR-032 showed highest resistance to all three spectral ranges of 
simulated Martian UV, compared to the other strains of the same species. In a 
further study, representatives of these highly resistant spore formers will be tested 
under the conditions of space and simulated Martian surface radiation for more 
than one year in the EXPOSE facility of ESA, which will be attached to the 
International Space Station (see Chapter 11). 

Microorganisms in laboratory culture have very specific growth requirements, 
e.g., with regard to temperature, oxygen availability, and pH value (see Chapter 5). 
Therefore, in order to determine the microbial diversity of the bioload of a spacecraft 
or spacecraft assembly facility by laboratory methods, the samples need to be divided 
and subjected to a palette of different growth conditions with regard to pH, temper- 
ature, oxygen, and pasteurization (Fig. 13.2). In the ESA study "Determination of the 
microbial diversity of spacecraft assembly facilities" the group of Rettberg obtained 
the following bioload results for the space missions Smart-1 and Rosetta. The vast 
majority of colonies, about 96.7%, were identified after growth at a temperature of 
30 °C. Only 3.2% grew at 5°C and only about 0.1% (six in total) at 55 °C. Seventy-two 
percent of the colonies were formed under aerobic conditions and 28% under 
anaerobic conditions. Seventy-nine percent of the colonies were found on agar plates 
with a pH of 7.0, 21 % on agar plates with a pH of 9.0, and no colony at a pH of 4.5. 
The preference of one-fifth of the microorganisms for an alkaline environment 
(pH 9) could be the result of a selection due to detergents with a high pH that are 
used for routine cleaning of that particular clean room. In this study, about 66% of 
the colony -forming units originated from pasteurized aliquots of collected samples. 
Unlike sterilization, pasteurization is not intended to kill all microorganisms in the 
sample. Instead, pasteurization aims to achieve a reduction in the number of viable 
organisms (e.g., in milk processing). The viability of thermotolerant or thermophilic 
microorganisms (for definition, see Chapter 5) as well as of especially robust 
dormant microbial forms such as bacterial spores is not impaired by pasteurization. 
Many isolates from pasteurized samples could be identified as either Bacillus species 
or as Micrococcus species. Because Micrococcus does not form spores, it is not strictly 
correct to describe all survivors of the pasteurization process as spores (as is 
currently assumed in the planetary protection guidelines). 

In summary, it can be noted that a large fraction of the microorganisms 
(58-75%) isolated from spacecraft or space assembly facilities is considered to 
be indigenous to humans and was brought into the facility by the workers assem- 
bling the spacecraft. The majority of these isolates belong to the Staphylococcus or 
Micrococcus groups. This fraction of the overall bioload could be reduced by 
appropriate training of the personnel and controlling of the working procedures. 
The remaining fraction (25-42 %) of the bioload either is associated with soil and 
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Fig. 13.2 Plating scheme with a broad range of cultivation 
conditions for the detection of microorganisms, isolated from 
spacecraft or spacecraft assembly facility within the ESA project 
MiDiv (Rettberg et al. 2006). 



dust (Bacillus group) or originates from the specific environment and is deter- 
mined mainly by the clean-room class of the spacecraft assembly facility. 
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So far, most work on bioload control has been restricted to cultivable micro- 
organisms. However, it is well known that many microorganisms found in envi- 
ronmental samples are not readily cultivable in the laboratory. Use of new tech- 
nologies, e.g., fluorescent DNA staining of bacterial cells or epifluorescence micro- 
scopy, has shown that the number of microorganisms in aquatic environments is 
100-1000 times greater than that determined by cultivation techniques. These so- 
called non-cultivable microorganisms (we probably have not yet found the correct 
cultivation conditions) are assumed to represent the majority of terrestrial micro- 
organisms. 

Although these organisms cannot be cultured today, they can still be detected 
and described by analyzing their biomolecules. One way to bypass the cultivation 
limitation is to focus on the detection of specific DNA sequences as marker 
molecules for microorganisms present. PCR is a powerful molecular tool to detect 
even minute amounts of specific unknown DNA sequences. This technique is 
now being applied to detect and identify very low numbers of microorganisms 
present in environmental samples, such as those from spacecraft or their assem- 
bly facilities. In addition, when the right target gene is chosen for analysis, this 
technique may be used for classifying the taxa or even species of the non- 
cultivable organisms. Highly conserved genes such as those of the 16S rRNA 
are suitable targets for phylogenetic identification of prokaryotes. A major advant- 
age of this approach is that a large databank of sequenced 16S rDNA is already 
available. 

Other techniques to track non-cultivable microorganisms include Live/Dead 
fluorescence analysis, the ATP bioluminescence assay as an indicator of live cells, 
or assays for lipopolysaccharides (e.g., the limulus amebocyte lysate [LAL] assay) 
as membrane building blocks for detecting microorganisms of the Bacteria 
domain. However, each of these assays has limitations that mediate against being 
used as a direct replacement for the classical spore assay. For example, the LAL 
method does not detect gram-positive bacteria or representatives of the Archaea 
domain, because of the specific membrane components detected by the assay (see 
Chapter 5). 

13.3.2 

Bioburden Reduction 

It is normal aerospace practice for spacecraft to be assembled in clean rooms. 
These rooms have specific air filtration installations to keep the concentration of 
particles low. They are used for processing space hardware requiring a high degree 
of cleanliness. Planetary protection requirements go over and above these space- 
craft-specific requirements and are dictated by the category of the mission. 

Research in the Viking era showed that, depending on the class of the clean 
room, a lower limit of background surface bioload density can be assumed (Table 
13.2). Below this level, further reductions are not possible because of the erratic and 
non-uniform nature of microbial contamination and the ever-present risk of cross- 
contamination by the activities of clean-room operators and operations. 
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Table 13.2 Lower limit of surface bioload density in clean rooms 
of different classes. 



Room classification Surface bioload density 



Uncontrolled manufacturing 


1 x 10 5 


spores m" 2 


Class 100 000 clean room with normal controls 


1 x 10 4 


spores nT 2 


Class 100 000 clean room with stringent controls 


1 x 10 3 


spores nT 2 


Class 10 000 clean room with normal controls 


5 x 10 2 


spores nT 2 


Class 10 000 clean room with stringent controls 


5 x 10 1 


spores nT 2 



Category I and category II missions generally do not need special measures of 
bioload reduction. Category III missions are orbital or flyby missions sent to targets 
of high astrobiological interest, such as Mars or Jupiter's moon Europa, and 
require bioburden reduction if the mission cannot meet the trajectory biasing 
requirements (i.e., crash probability of <1% for 20 years after launch and <5% for 
50 years after launch). In this case, the total bioload of the spacecraft must be 
reduced to a level lower than 500 000 bacterial spores. This requirement includes 
exposed external and internal surfaces as well as mated and encapsulated biobur- 
den. 

Category IV missions are surface-landing missions to Mars or Jupiter's moon 
Europa that require sterilization or biocleaning of lander-exposed surfaces (sum- 
marized in Table 13.3) in order to comply with the following levels: 

• For systems landing on the surface of Mars but not carrying 
instruments for the investigations of putative extant Martian 
life forms, the level of contamination shall be less than 

300 bacterial spores m~ 2 and less than 300 000 bacterial 
spores per lander concerning exposed external and internal 
surfaces. These numbers are based on the contamination 
level determined for the Viking lander before sterilization 
( Viking pre-sterilization level) and apply to category I Va 
missions. 

• For systems landing on the surface of Mars and carrying 
instruments for the investigation of extant Martian life, the 
contamination level shall be reduced by four orders of mag- 
nitude, compared to landing systems without life-detection 
experiments. The resulting "calculated" number is less than 
30 bacterial spores per lander, which corresponds to the 
Viking lander post-sterilization levels. In cases where the 
nature and sensitivity of a particular life-detection experiment 
requires a more stringent bioburden reduction, then these 
shall be the driving requirements. These levels of bioburden 
reduction apply to category IVb missions. 

• Landing missions to a "special region" of Mars, even if they 
do not include life-detection experiments, shall also comply 
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with Viking lander post-sterilization biological levels, accord- 
ing to the category IVc mission requirements. If the landing 
site is within the special region, the entire landed system shall 
be sterilized at least to Viking post-sterilization biological 
burden levels. If the special region is accessed though hori- 
zontal or vertical mobility, this high level of sterility applies 
not necessarily to the whole lander but to those parts or 
subsystems that will be in contact with the special region. 
If an off-nominal condition (such as a hard landing) would 
cause a high probability of inadvertent biological contami- 
nation of the special region by the spacecraft, the entire 
landed system must be sterilized to Viking post-sterilization 
biological burden levels. 

For any missions sent toward Jupiter's moon Europa, 
the probability of contaminating this body with terrestrial 
microorganisms shall be less than 10 - *. 



Table 13.3 Current bioburden reduction requirements for Mars 
landers (Viking pre- and post-sterilization levels for surface and 
embedded bioburden) 



Requirement 



Category of mission 



Surface spore density 

Total surface spores 

Total spores (including surface, 

mated and embedded) ' c ' 



IVa: Viking 
Pre-sterilization 

300 spores nT 2 

3 x10 s 



IVa: Viking 
Pre-sterilization with 
impacting hardware 
300 spores nT 2 

3 x 10 5 
5 x 10 5 



IVb: Viking 
Post-sterilization 

No explicit 

requirement 

30M 

[b] 



Source: U. S. Space Studies Board Report, "Preventing the Forward Contamination of Mars." 
a No surface spore assays required; number of spores established by the application of a 

certified bioburden reduction method (dry heat), 
b No numerical requirements on embedded burden except for spacecraft with impacting 

hardware (e.g., heat shields). Embedded bioburden is assumed to remain embedded under 

nominal operations. 

c Embedded bioburden refers to bioburden buried inside non-metallic spacecraft material. 



All spacecraft integration operations must be performed in an ISO class 8 clean 
room (ISO 14644-1: Clean Rooms and Associated Controlled Environments, Part 
1: Classification of Air Cleanliness) or better, with biological contamination mon- 
itoring. Periodic microbiological assessments must be performed on the flight 
hardware in order to check the contamination level. If the contamination is too 
high, surface biocleaning must be performed during integration. The traceability 
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of all monitoring must be kept and the final assessments must demonstrate that 
the specification is met. After the last integration step, measures are taken in order 
to prevent any recontamination. As for orbiters, any unfortunate crash impact 
must be located, and organic materials brought to Mars must be known and 
recorded. 

In order to comply with the contamination levels required for a certain category, 
the following cleaning or sterilization measures are applied during and after the 
assembly of the equipment and/or at the final integration: 

• surface wiping with biocleaning agents, 

• gamma radiation sterilization, 

• dry-heat sterilization, and 

• hydrogen peroxide gas plasma sterilization. 

The selection of the appropriate cleaning and sterilization method (Table 13.4) is 
driven by two requirements: Firstly, the chosen method and associated procedures 
must be able to reach the specified decontamination level, and secondly, they 
should not affect the functional performance of the treated equipment. 

Table 13.4 Bioburden reduction and sterilization methods used 
for the Mars '96 lander. 



Bioburden reduction or Spacecraft subs/stem of concern 

sterilization method 



Biocleaning! 3 ' Finnish, U. S., Russian experiments on small stations; 

some subsystems and housekeeping systems of small 
surface stations and penetrators 

Gamma-ray sterilization Landers parachute and airbags systems; some sub- 

systems of small stations and penetrators 

Dry-heat sterilization Finnish meteorological sensor of the small stations 

H 2 0 2 gas plasma sterilization French payload on small stations; penetrators; some 

subsystems of the penetrators 



a Alcohol, sporicide, UV, class 100 clean room. 

However, below a certain level of cleanliness (<300 spores m~ 2 ), the direct culturing 
and counting methodology is not sensitive enough for enumerating spacecraft 
bioburden. For this reason, a series of parametric measures were developed by 
NASA during the 1960 s. These can be used to estimate the bioload of spacecraft 
sterilized by dry heat (given as appendices in NASA document NPR8020.12C) 
based on parametric measurements and estimates. These include 
• Time-temperature for sterility: A surface with a temperature 
exceeding 500 "C for more than 0.5 s during the mission may 
be considered sterile (viable microbial bioload statistically 
zero). 
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• D value, Z value: Dry-heat microbial reduction at a relative 
humidity less than 25 % (referenced to 0 °C and 1 000 hPa) for 
spores has a D value (the time for a 10-fold reduction of 
survival at a certain temperature) at 125 °C of 0.5 h for free 
surfaces and of 1 h for mated surfaces. The corresponding 

Z value (the change in temperature for a change in the D 
value by a factor of 10) is 21 °C for the temperature interval 
104-125 °G 

• Hardy organisms: The maximum reduction factor that may 
be taken for a dry-heat microbial reduction is 10 4 . This pa- 
rameter specification is based on an assumed fraction of 
hardy organisms (these are of higher resistance to the process 
than the general microbial population) of 10~ 3 and a reduction 
of only 0.1 in a nominal sterilization cycle. 

• Surface microbial density: Various parameter specifications 
were permitted for microbial bioload estimates where assays 
are not feasible; these may also eliminate the need for assay 
(Table 13.2). 

1 3.3.2.1 Surface Wiping with Biocleaning Agents 

Cleaning by wiping techniques in the spacecraft assembly facility shall be per- 
formed as often as necessary, depending on the bioburden assessed on surfaces 
(however, at least every day). A typical cleaning agent is isopropyl alcohol (IPA). 
This agent is not sporicidal, i.e., it does not kill spores; however, it adequately 
complies with the bioburden reduction specifications and is used to remove - but 
not kill - spores from the wiped surfaces. Sporicides may be used in order to kill the 
remaining microorganisms that are not removed from surfaces by the wiping 
technique; however, these may leave a residue, and such procedures need to be 
performed in conjunction with the contamination control staff for the spacecraft. 
Microbiological assessments must be continued according to a standard protocol in 
order to verify that the surface biocontamination level remains within acceptable 
limits. 



13.3.2.2 Gamma Radiation Sterilization 

Gamma radiation sterilization results from the interaction of photons in the range 
of 1.17-1.33 MeV (issued from high-activity radioactive 50 Co sources) with living 
systems. Such photons are able to penetrate several centimeters into steel. The 
typical dose is 25 kGy, which is sufficient to kill spores of the reference micro- 
organism Bacillus pumilus, known as the most radiation-resistant representative of 
bacterial spores. Sterilization with gamma irradiation requires a few minutes to a 
few hours, depending on the activity of the source and the radiation dose required. 
Gamma sterilization must be conducted in a special certified blockhouse in order 
to protect the operators and the environment. Because of its limited compatibility 
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with space hardware - in particular with electronics, optics, and some organic 
materials - this technique is suitable mainly for structural elements or for radia- 
tion-compatible subsystems, which may include, for example, airbags and/or 
parachutes. 

1 3.3.2.3 Dry-heat Sterilization 

Dry-heat thermal sterilization has been the technology most often used for space- 
craft sterilization since the 1970 s, when it was applied as a terminal sterilization 
process on the Viking landers after their final integration. The fully integrated 
Viking landers encased in the bioshield were sterilized at 112 ± 1.7 °C for 30 h. This 
final dry-heat sterilization was applied after the lander was biocleaned to a level of 
300 bacterial spores m~ 2 and after the life-detection instruments were sterilized at 
120 °C for 54 h. Dry-heat cleaning is presently the only method qualified for space 
hardware sterilization by NASA. The optimal range recommended is 104°C to 
125 °C for 50 h and 5 h, respectively. The effects of thermal sterilization on micro- 
organisms depend on the profile of temperature and time during the sterilization 
process. The typical parameters used for medical sterilization are given for spores 
of the reference microorganisms Bacillus subtilis or Bacillus stearothermophilus. The 
medical procedures generally give temperatures between 105 °C and 180 °C, for 
periods between 1.5 and 300 h. However, not all spacecraft material and equipment 
can withstand dry-heat sterilization; for example, modern spacecraft batteries 
would be destroyed by heat treatment at well below the minimum sterilization 
temperature. 

13.3.2.4 Hydrogen Peroxide Vapor/Gas Plasma Sterilization 

Hydrogen peroxide gas plasma is a recent sterilization method developed by 
industry for sterilization of medical instruments. The so-called Sterrad sterilization 
process is done in specific sterilization chambers at low temperature (45 °C) and 
low pressure (less than 1 hPa) where gaseous hydrogen peroxide sterilizes the 
equipment surface during a relatively short period (less than 1 h). Final plasma 
may be generated in order to increase the effect of sterilization and to break the 
remaining hydrogen peroxide molecules. The U. S. Food and Drug Administration 
successfully tested the effect of 50 sterilization cycles on different medical devices, 
including electronic and optical instruments. The medical procedures are qualified 
for spores of the reference microorganism Bacillus subtilis var. niger. Concerning 
spacecraft sterilization, this method was first tested (without the plasma phase) in 
1992 on different materials and equipment of the Mars '96 mission (Table 13.4). It 
was found to be very compatible with various kinds of equipment. Later, elements 
of the Beagle 2 spacecraft were sterilized using this technology. However, uncer- 
tainties about the compatibility of the process with complete spacecraft, together 
with the fact that this is a surface-only sterilization technology, have slowed its 
widespread adoption in the spacecraft community. 
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13.3.3 

Prevention of Recontamination 



One of the main problems during the spacecraft integration process is maintaining 
biological cleanliness after sterilization of the equipment. A special protocol is 
required to ensure that the spacecraft assembly facility is maintained in a bio- 
logically clean condition. This protocol must, on one hand, comply with required 
operations and access procedures for equipment and workers and, on the other 
hand, prevent recontamination of the sterilized equipment. To achieve this goal, 
various approaches can be adopted. Controlled access to the sterile clean room with 
operators being required to wear decontaminated overshoes, overalls, hoods, 
masks, and gloves is typical. Sterile tools need to be used, and continuous mon- 
itoring of the bioload level and frequent biocleaning operations must be included 
in the protocol. One example of this approach is the planetary protection protocol 
used for the Mars '96 mission. In this case, two ISO class 5 clean rooms were used. 
To control and maintain the cleanliness of the clean rooms, all working surfaces 
(tables, chairs, etc.) in the integration area were cleaned daily with alcohol and a 
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sporicide, and operators had to wear clean-room garments (Fig. 13.3). The clothes 
were washed in chlorinated water solutions, and one wash in 10 was followed by 
steam sterilization (20 min at 120 °C). 

However, the prevention of contamination does not end with spacecraft assem- 
bly. Little or no recontamination should occur during launch. This can be achieved 
by encasing the spacecraft in a biobarrier or bioshield and removing this shield 
only after the system is launched into space. 

13.4 

Astrobiology Exploratory Missions of Concern to Planetary Protection 

Within the ongoing and planned ventures to explore the planets, moons, and 
other bodies of our Solar System, both by orbiters and robotic landing missions, 
the search for signatures of life beyond the Earth is one of the major drivers. In 
the selection of candidate targets for this enterprise, the overarching argument is 
the putative habitability of the planet or moon under consideration (see Chap- 
ter 6). The planetary protection requirements are based on these considerations 
(Table 13.1). 

13.4.1 

Missions to the Moon 

In preparation for the first landing mission to the Moon within the Apollo program, 
planetary protection regulations with regard to the possible contamination of a 
celestial body, in this case the Moon, were considered for the first time. However, 
because of the surface conditions, such as high vacuum and intense cosmic and 
solar UV radiation, the Moon's surface was regarded as highly unfavorable for the 
growth of terrestrial microorganisms. In contrast, the absence of oxygen, water, 
and other life-supporting substances was thought not to prohibit survival, espe- 
cially of dormant anaerobic microorganisms. It was considered that the ubiquitous 
nature of bacterial spores and their durability under adverse conditions, including 
high vacuum and low temperatures (see Chapter 5), must be fully appreciated to 
prevent contamination. It was argued that a biological contamination of the Moon 
might affect studies on the early history of the Solar System, the origin of life on 
Earth, extraterrestrial life, and the chemical composition of matter in the remote 
past. Especially in order to avoid possible distortion of chemical evidence by 
microbial action and contamination of the Moon's deeper layers, it was recom- 
mended 

• to minimize contamination to the extent technically feasible; 

• to inventory all organic chemical constituents brought to the 
surface of the Moon; and 

• to perform sterile drilling on the Moon in order to return an 
uncontaminated sample of the lunar subsoil for biological 
and geochemical investigations. 
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The latter recommendation shows that, at that time, it was not excluded that life 
might exist at some depth below the surface of the Moon where temperatures never 
exceed 100 °C and UV radiation does not penetrate. 

Because minute traces of Earth-borne contaminants could lead to completely 
erroneous interpretations, the samples of rock and soil brought back from the 
Moon needed to be carefully protected. For this purpose, the Lunar Receiving 
Laboratory was set up at the Manned Spaceflight Center (now Johnson Spaceflight 
Center) in Houston, USA, where lunar samples were cataloged and subjected to 
preliminary examination. The in vitro and in vivo tests at the Lunar Receiving 
Laboratory provided data showing that no microorganisms were recovered from 
the lunar samples returned during the Apollo program. This was a result of both 
the efforts to limit contamination in the earlier unmanned launches and the efforts 
to take the samples under aseptic conditions in the Apollo manned landings. The 
contamination control plan developed and implemented eventually resulted in 
providing investigators with lunar samples containing less than 0.1 ppm total 
terrestrial organic contamination. It should be noted that this is as low as or 
even lower than the experimental blanks obtained in organic geochemistry re- 
search laboratories. 

Another concern of back-contamination arose from the astronauts themselves 
who had landed on the lunar surface. Flight plans called for the astronauts to 
contain as much lunar dust as possible in the lunar module (LM) by vacuuming it 
off their space suits then removing the suits and sealing them in storage bags 
before returning to the command module (CM). During the transfer from the 
Moon to Earth, the LM pressure relief valve was opened and the oxygen flow in the 
CM was increased to maintain a current of gas flowing from the CM to the LM, 
thus minimizing the amount of dust carried into the CM. After return to the Earth, 
the crew of the first two Apollo landing missions was isolated in a Mobile Quar- 
antine Facility aboard the recovery ship (Fig. 13.4), before being held in quarantine 




Fig. 13.4 Apollo 77 astronauts (from left to 
right) Neil A. Armstrong, commander; Michael 
Collins, command module pilot; and Edward E. 
Aldrin, Jr., lunar module pilot, as they are 
confined to the Mobile Quarantine Facility 
aboard the U. S. S. Hornet, prime recovery ship 
for the historic Apollo 7 7 lunar landing mission 
(Photo NASA). 
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in the living quarters at the Lunar Receiving Laboratory for at least three weeks. In 
light of the results from the first two Apollo missions, the requirements for crew 
quarantine of Apollo astronauts were discontinued for the follow-on lunar mis- 
sions. However, the biological containment practices in the Lunar Receiving 
Laboratory and the biological examination of the lunar samples were continued 
because, among other things, they assured the integrity of the samples. 

There are reports that bacteria might have survived for 2.7 years on the surface of 
the Moon in the polyurethane foam insulation of the camera interior of the 
Surveyor 3 spacecraft. This lander was visited by the crew of the Apollo 12 LM, 
and about 10 kg of parts from the Surveyor 3 spacecraft, including the TV camera, 
were removed for later examination back on Earth. Whereas most samples turned 
out to be sterile, the bacterium Streptococcus mitis was isolated from one part of the 
camera foam. Although it was first concluded that the bacterium was of terrestrial 
origin and had survived the lunar exposure and return trip, there are many 
indications that it came from contamination of the sample during the collection 
or return trip. The main reason is that S. mitis was identified as part of the 
microflora of the astronauts of Apollo 12. 

The present view is that the Moon is part of a single Earth-Moon system; hence, 
from a planetary protection perspective the Moon does not need to be protected 
from terrestrial biological contamination. However, the Moon must be protected 
from contamination by extraterrestrial samples, defined as "restricted Earth re- 
turn" of category V missions, in order to retain freedom from planetary protection 
requirements on future human lunar missions, including the establishment of a 
lunar base. 

13.4.2 

Missions to Mars 

With the exception of the Earth, Mars is by far the most intensively studied of the 
planets of our Solar System (Table 13.5). In 1972, for the first time a spacecraft, 
Mariner 9, passed over the younger parts of Mars, revealing a wide variety of 
geological processes as indicated by volcanoes, canyons, and channels that resem- 
ble dry river beds and attest to a stable flow of water on Mars at some time in the 
past and even in more recent times (see Chapter 8). The COSPAR Planetary 
Protection Guidelines categorize missions to Mars within category III, IV, or V, 
depending on the kind of mission (whether they are orbiters, flyby missions, 
landers with in situ research, or landers with sample return tasks) (Table 13.1). 

13.4.2.1 Orbiters or Flyby Missions to Mars 

Currently four spacecraft are orbiting Mars: Mars Global Surveyor, Mars Odyssey, 
and Mars Reconnaissance Orbiter of NASA, and Mars Express of ESA (Table 13.5). 
They are categorized as category III missions. If they achieve a total bioburden of 
less than 500 000 spores per total spacecraft, then they do not need trajectory 
biasing. 
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Table 13.5 List of past and present missions to Mars. 



Mission 


Country/ 


Launch 


Purpose 


Results 




Agency 


date m/d/y 






Marsnik 1 


USSR 


10/10/60 


Mars flyby 


Did not reach Earth orbit 


Marsnik 2 


USSR 


10/14/60 


Mars flyby 


Did not reach Earth orbit 


Sputnik 22 


USSR 


10/24/62 


Mars flyby 


Achieved Earth orbit only 


Mars 1 


USSR 


11/1/62 


Mars flyby 


Radio failed at 106 










million km 


Sputnik 24 


USSR 


11/4/62 


Lander 


Achieved Earth orbit only 


Mariner 3 


U.S. 


11/5/64 


Mars flyby 


Shroud failed to jettison 


Mariner 4 


U.S. 


11/28/64 


First successful Mars flyby 7/14/65 Returned 21 photos 


Zand 2 


USSR 


11/30/64 


Mars flyby 


Passed Mars but radio 










failed; returned no plane- 










tary data 


Mariner 6 


U.S. 


2/24/69 


Mars flyby 7/31/69 


Returned 75 photos 


Mariner 7 


U.S. 


3/27/69 


Mars flyby 8/5/69 


Returned 126 photos 


Mariner 8 


U.S. 


5/8/71 


Mars orbiter 


Failed during launch 


Cosmos 419 


USSR 


5/10/71 


Mars lander 


Achieved Earth orbit only 


Mars 2 


USSR 


5/19/71 


Mars orbiter/lander arrived 


No useful data, lander 








11/27/71 


destroyed 


Mars 3 


USSR 


5/28/71 


Mars orbiter/lander, arrived 


Some data and a few photos 








12/3/71 




Mariner 9 


U.S. 


5/30/71 


Mars orbiter, in orbit 


Returned 7 329 photos 








11/13/71 to 10/27/72 




Mars 4 


USSR 


7/21/73 


Mars orbiter 


Flew past Mars 2/10/74 


Mars 5 


USSR 


7/25/73 


Mars orbiter, arrived 2/12/74 


Lasted a few days 


Mars 6 


USSR 


8/5/73 


Mars orbiter/lander, arrived 


Little data returned 








1/19 1*1 A. 




Mars 7 


USSR 


8/9/73 


Mars fly by /lander, arrived 3/9/74 


Little data returned 


Viking 1 


U.S. 


8/20/75 


Mars orbiter/lander, orbit 6/19/76- 


Combined, the Viking or- 








1980, lander 7/20/76-1982 


biters and landers returned 










more than 50 000 photos 


Viking 2 


U.S. 


9/9/75 


Mars orbiter/lander, orbit 


Combined, the Viking or- 








8/7/76-1987, lander 9/3/76-1980 


biters and landers returned 










>50 000 photos 


Phobos 1 


USSR 


7/7/88 


Mars/Phobos orbiter/lander 


Lost 8/88 en route to Mars 


Phobos 2 


USSR 


7/12/88 


Mars/ Phobos orbiter/lander 


Lost 3/89 near Phobos 


Mars Observer 


U.S. 


9/25/92 


Orbiter 


Lost just before Mars arrival 










8/21/93 


Mars Global 


U.S. 


11/7/96 


Orbiter, arrived 9/12/97 


Science mapping 


Surveyor 










Mars '96 


Russia 


11/16/96 


Orbiter and landers 


Launch vehicle failed 


Mars Pathfinder 


U.S. 


12/4/96 


Mars lander and rover, landed 


Last transmission 9/27/97 








7/4/97 




Nozomi (Planet-B) 


Japan 


7/4/98 


Mars orbiter, currently in orbit 


Mars fly-by due to propul- 








around the Sun 


sion problem 
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Mission Country/ Launch Purpose Results 

Agency date m/d/y 



Mars Climate 


U.S. 


12/11/98 


Orbiter 


Lost on arrival at Mars 


Orhiter 








9/23/99 


Mars Polar Lander/ U.S. 


1/3/99 


Lander/descent probes to 


Lost on arrival 12/3/99 


Deep Space 2 






explore Martian south pole 




Mars Odyssey 


U.S. 


4/7/01 


Orbiter 


Science mapping 


Mars Express with 


ESA 


6/2/03 


Orbiter and lander 


Science mapping by orbiter, 


Beagle 2 








lander lost on arrival 


Mars Exploration 


U.S. 


June/fuly 


Lander and rover 


Landed on 1/4/04 (MER A); 


Rovers MER A 




2003 




on 1/25/04 (MER B); 


and B 








extended science mission 


Mars Reconnais- 


U.S. 


8/12/05 


Orbiter 


Entered orbit around Mars 


sance Orhiter 








3/10/06 



For the historic mission set, Mars Global Surveyor, Mars Odyssey, and Mars Express 
adopted the trajectory biasing approach. Mars Reconnaisance Orbiter was required 
to adopt the bioburden control approach, as the mission design required a low 
science orbit that was too "risky" to meet the probability of impact requirements for 
the first 20 years of the mission. 



13.4.2.2 Landers or Rovers with in Situ Measurements 

All lander missions to Mars fall into category IV. Table 13.5 shows that there were 
at least five successful landing events on Mars, namely, Viking 1 and Viking 2, Mars 
Pathfinder, and the two Mars Exploration Rovers Spirit and Opportunity. However, 
those lander missions that failed needed to follow the same stringent planetary 
protection requirements (Table 13.1). 

The Viking landers themselves, with their overarching goal of searching for 
signatures in indigenous microbial life on the surface of Mars, were terminally 
sterilized. That is, at the end of the assembly phase, the landers were subjected to a 
high-temperature dry-heat sterilization process of 112 ± 1.7 °C for 30 h, rendering 
them effectively sterile (with a bioburden close to 0; statistically, 30 spore-forming 
microorganisms were accounted at launch) . 

However, when the scientific findings of the Viking landers showed that the 
Martian environment is inhospitable to then-known terrestrial microorganisms, 
COSPAR requirements for Martian landers carrying non-life-detection instrumen- 
tation (now category IVa) were relaxed to the level of contamination present on the 
Viking landers before sterilization, namely, 300 000 spore-forming microorganisms 
in total, at an average density of below 300 microorganisms per square meter for a 
single landing event. To achieve even this level of cleanliness is not straightforward 
and requires spacecraft assembly in a clean-room environment, with a set of 
monitoring and cleanliness criteria over and well above those normally adopted 
for spacecraft assembly, e.g., with missions into low Earth orbit. However, for 
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landers carrying extant life-detection instrumentation (category IVb), the "gold 
standard" continues to be that of the contamination present on the Viking landers 
post-sterilization, namely 30 spores or fewer (Table 13.3). 

Therefore, since Viking, all NASA (Pathfinder, Mars Polar Lander, Mars Exploration 
Rovers Spirit and Opportunity) and ESA (Mars '96, Beagle 2) missions to the surface of 
Mars (Table 13.5) have been classified as category IVa missions. (The Soviet Mars 3 
lander successfully landed on Mars in December 1971, but contact was lost 20 s after 
the landing.) NASA's 2007 Phoenix mission was categorized as IVa, but it meets 
category I Vc requirements for its targeted landing site, which is a polar region rich in 
water ice. NASA's 2009 Mars Science Laboratory is assigned category IVc. ESA's 2013 
ExoMars mission (see Chapter 12) has yet to be formally categorized. 

For some missions, the scientific studies could potentially be affected or com- 
promised by contaminants carried by the spacecraft. In these cases, the science 
team negotiates with the mission management to request additional requirements 
in terms of, e.g., chemical cleanliness over and above those of planetary protection. 
These are typically detailed in the Planetary Protection Implementation Plan. They 
can involve materials control in the lander and spacecraft assembly facility, togeth- 
er with monitoring of the organic compounds that would normally be "permitted" 
in the spacecraft. These scientific cleanliness requirements impact the environ- 
mental control of the spacecraft from initial assembly through launch. The Beagle 2 
spacecraft (Table 13.5) was one such mission. For the upcoming Mars Science 
Laboratory (MSL09) mission, an organic cleanliness level, measured as total or- 
ganic carbon (TOC), of less than 1 ng cm -2 is required for all equipment that will 
come in contact with Mars samples. 

As an example, the Beagle 2 lander mission will be used to demonstrate how 
problem areas were identified during the design and construction of the lander and 
how final solutions were found (Table 13.6). 

Once the scope of the planetary protection problem is understood, a sterilization 
strategy can be developed for a specific mission. This could rely on a single 
technology or on several and may require a single processing of the hardware or 
several. In the case of Viking, multiple dry-heat processings were used. For the Mars 
Exploration Rovers, typically only one dry-heat processing was used. In contrast, the 
Beagle 2 program used several sterilization technologies, developing a "preference 
cascade" where gamma irradiation is preferred after dry heat, as it is also a 
penetrating technology. Hydrogen peroxide-based methodologies were next in 
preference because of their benign effect on the hardware. However, this technology 
sterilizes only surfaces. Finally, IPA (or other solvent) wiping is the last approach, as 
it removes the organism rather than killing it in situ and is used only as a last resort. 
Ideally, combinations could be used, although it is quite challenging to determine 
whether all the components of one system are compatible with a single technology. 

The combination of parametric measures and culture-derived estimates of 
bioload is then summed to give the final bioburden at launch, and this is checked 
versus the requirement before launch is permitted. Table 13.7 gives the final 
bioload numbers from three Mars lander missions where very different planetary 
protection strategies were employed. 
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13.4.2.3 Landers or Rovers with Martian Samples Returned to the Earth 

The long-term strategy of the European Space Exploration Program foresees a 
Mars Sample Return (MSR) mission as the most likely successor to ExoMars (see 
Chapter 12), and it is anticipated that in the future NASA and other space-faring 
nations will be interested in returning samples from Mars for in-depth scientific 
investigations. 

A Mars sample return mission falls into category V as "restricted Earth return," 
which means that the samples brought from Mars to the Earth need special 
attention from the moment of collecting, through transport to Earth, and upon 
landing on Earth. After arriving on our surface, it has to be proven that there is no 
biohazard risk from the Martian samples. Even if there is only a remote possibility 
that the samples will contain specimens of microorganisms from Mars in a viable 
state, Martian soil, rocks, or atmosphere must be kept under strong containment 
according to the international treaty. 

Although a joint team of American and French scientists, provided by NASA and 
the Centre National d'Etude Spatiale (CNES), working in the frame of a prelimi- 
nary design of a common Mars sample return mission has already defined a 
preliminary biohazard assessment test protocol for samples returned from Mars, 
a similar protocol still needs to be developed and adopted by ESA. 

In simple terms, the sample return container must meet the following require- 
ments: 

• preventing back-contamination, and 

• preserving the integrity and the properties of the samples. 

To avoid cross-contamination, the container must be hermetically sealed by means 
of a mechanical system. Otherwise, the samples may be recontaminated by 
terrestrial compounds during the Earth atmosphere entry phase. Different meth- 
ods are envisaged to control the sealing before the release of the container system 
into Earth's atmosphere: 

• Determination by gas chromatography-mass spectrometry 
(GC-MS) of the leak rate by outside detection of a character- 
istic gas, e.g., helium or C0 2 from the Martian atmosphere. 

• If an atmospheric sample is collected, monitoring of the 
pressure inside the container - corrected by temperature 
variations - during cruise phase. 

However, it must be recognized that each of these methods has its limits. A further 
requirement is bio-cleanliness and sterility of the container; otherwise, care must 
be taken that the outside surfaces of the container are never in contact with the 
extraterrestrial environment. Before release into Earth's atmosphere, three bio- 
logical barriers are required in order to comply with World Health Organization 
recommendations for the transport of hazardous biological material. Even in the 
case of a non-nominal Earth return event, (in the worst case a crash or an uninten- 
tional landing in the sea), the container must maintain its hermetic seal and must 
be recovered. 
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As a next step, a Mars Sample Receiving Facility (MSRF) must be available to 
host the returned container and its content. Within this facility the material will be 
unpacked and analyzed accordingly to the defined scientific methods and stand- 
ards in the biohazard assessment protocol. This MSRF, which must provide a very 
high degree of containment, must also prevent additional contamination of the 
samples from Earth-bound inorganic, organic, or biological material. To the 
authors' knowledge, no such facility exists today that meets all these requirements. 

In order to formulate clear requirements for the MSRF, a functional project 
definition must be provided. This requires interactive involvement of several 
communities: 

• the scientific community, in order to review and refine 
existing draft test protocols that define the requirements of 
the instruments and methods; 

• experts in containment technologies, in order to work out a 
functional technical description of the high containment 
facility, resulting in a definition of space needs, technical 
installations, and cost estimation, as accurately as possible; 

• a team providing a thorough risk assessment for the whole 
transport, including the way from Mars to Earth, the way from 
the landing site to the MSRF, and the work inside the facility; 

• a group defining the research needs from the perspective of 
decontamination and sterilization of known Earth-bound and 
unknown Mars-bound life forms. 

The starting point for the definition of a MSRF will be existing concepts of high 
containment and the necessary equipment, which exist on Earth mainly for 
biosafety reasons. 

Existing Concepts of High Containment Organisms are currently classified into 
four risk groups: RG1 to RG4. Accordingly, there are also four biosafety levels: 
BSL1 to BSL4. (Note that there is no universally accepted standard for containment. 
BSL is the most widely used, so we have adopted it here.) For BSL4 laboratories, 
two distinct concepts exist, as follows: 

• The cabinet laboratory, where all handling of the agent is 
performed in a class III biological safety cabinet (BSC), which 
is discussed later. The cabinet laboratory is arranged to en- 
sure passage through a minimum of two doors prior to 
entering any room containing the class III BSC. 

• The suit laboratory, where the personnel wear a protective suit. 
The use of class II BSC cabinets is common in the suit 
laboratory. (A suit laboratory was depicted in the movie Out- 
break, starring Dustin Hoffman, who portrayed an Army 
medical expert sent to combat a deadly virus that destroyed a 
small town in California and threatened the world.) With this 
publicity event, suit laboratories became very popular and 
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many new ones are currently being built. The BSL4 contain- 
ment zone should be located in a separate building or sealed 
room with independent air supply and exhaust systems. These 
air systems and components need to be sealed airtight and be 
accessible from outside the containment area. A ventilated 
airlock is required for the separation of higher and lower 
containment areas. The airlock is to have interlocking pneu- 
matic or compressible sealed doors with manual overrides. 
The personnel working in the suit laboratory wear a one-piece, 
positive-pressure suit that is ventilated by a life-support system 
protected by HEPA filtration (see below). The life-support 
system includes redundant breathing air compressors, alarms, 
and emergency backup air tanks. A chemical shower is pro- 
vided to decontaminate the surface of the suit before the 
worker leaves the area. An emergency power source is pro- 
vided for the exhaust system, life-support systems, alarms, 
lighting, entry and exit controls, and BSCs. The air pressure 
within the personnel suit is positive to the surrounding labo- 
ratory. The air pressure within the suit area is lower than that 
of the adjacent area. The entry to the containment area is 
equipped with magnetic gauges or pressure-monitoring devi- 
ces to prove directional flow. The containment area is 
equipped with audible alarms to detect depressurization. 
Supply air to the cabinet room or suit area and associated 
decontamination shower and airlock is protected by passage 
through a HEPA filter. The exhaust of the laboratory's suit 
area, decontamination shower, and decontamination airlock is 
treated by passage through two HEPA filters in a series prior to 
discharge to the outside. Redundant supply fans are recom- 
mended, and redundant exhaust fans are required. 

HEPA Filtration The development of the HEPA filter during World War II was 
critical for providing the necessary containment in the modern biosafety labora- 
tory. These filters are constructed of fiberglass "paper" that is pleated to maximize 
the surface area of the filter, and they have a minimum particulate removal of 
99.97% for particles of 0.3 |xm. The randomly oriented microfibers cause the 
particles in the air stream to move in a circuitous path, forcing even the smallest 
particles to collide with and adhere to the filter. The filter housings on contami- 
nated exhaust streams should be constructed to facilitate decontamination or 
should be of the bag-in-bag-out design. Three glove sleeves are provided in each 
bag to facilitate the handling of the filter during exchange. 

Biological Safety Cabinets The biological safety cabinet (BSC) design has come a 
long way since inception, with three main classifications: class I, class II, and 
class III. 
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Class I cabinets are defined as ventilated cabinets for personnel and environ- 
mental protection, with unrecirculated airflow away from the operator. Class I 
cabinets have a similar airflow pattern to a fume hood, except that the class I 
cabinet has a HEPA filter at the exhaust outlet, and it may or may not be connected 
to an exhaust duct system. Class I cabinets are suitable for work with agents that 
require BSL 1 or 2 containment. 

Class II cabinets are ventilated cabinets having an open front with inward airflow 
for personnel protection, downward HEPA-filtered laminar flow for product pro- 
tection, and HEPA-filtered exhaust airflow for environmental protection. Class II 
cabinets are suitable for work with agents that require BSL 1, 2, or 3 containment. 

Class II cabinets are differentiated into various types based on their construction, 
air velocities, patterns, and exhaust system. For instance, class II type A cabinets 
may have contaminated plenums under positive pressure that are exposed to the 
room, while class II type B cabinets must surround all contaminated positive- 
pressure plenums with negative-pressure ductwork. Type A cabinets can be ex- 
hausted into the lab or outside by way of a canopy connection, whereas type B 
cabinets must have a dedicated, sealed exhaust system with remote blower and 
appropriate alarm system. 

Class III cabinets are totally enclosed and ventilated of gas-tight construction. 
Operations are conducted through attached rubber gloves. The cabinet is main- 
tained under negative air pressure of at least 125 Pa. Supply air is drawn into the 
cabinet through HEPA filters. The exhaust air is treated by double HEPA filtration. 
The cabinet also has a transfer chamber capable of sterilizing work materials before 
exiting the glove box containment system. Class III cabinets are suitable for work 
with agents that require BSL 1, 2, 3, or 4 containment. 

A typical cabinet laboratory, as required for a MSRL, would be composed of a 
number of interconnected class III BSCs. All operations and handling would be 
performed within the modules, which could in addition be of the double-wall 
containment type. The double-wall containment module would be of the box-in- 
the-box type with an inter-space surrounding a standard single-wall containment. 
This space would be at negative pressure relative to that of the room and the inner 
cabinet in order to protect the personnel as well as to keep the sample pristine. If a 
Mars-like atmosphere is required inside the module, an inert gas, such as nitrogen, 
could be fed to the module or a Mars-analogue atmosphere. For this reason, gloves 
and glove material have to be evaluated very carefully. Material transfer in and out 
of the modules and the containment would need to maintain confinement and the 
pristine nature of the samples. Different methods are in use today in laboratories 
working with dangerous viruses. 

Use of Robotics It might be necessary to include a robotics concept into the 
design of the MSRL in order to fulfill the requirements for non-contamination of 
the Mars samples by Earth-bound material. This could be for the whole spectrum 
of activities, including preparing, analyzing, and housing of samples, or it could be 
for single critical functions only, such as fine-scale manipulations to handle very 
small samples. It is not believed that existing robots from industrial applications 
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could be used without further development. For obvious reasons, all the robots 
would have to be of the type suitable for clean-room operation, and ISO class 
1-certified robots are now available. Aside from robot operations, class 1 certifi- 
cation is used in the semiconductor and pharmaceutical industries for achieving 
mini-containment environments. 

In conclusion, from the above arguments, it is clear that for design and con- 
struction of a facility for Mars samples, new concepts and ideas are needed. 
Therefore, a program of research in high containment technology, in decontami- 
nation methods, and in material compatibility must be initiated well beforehand. It 
is estimated that on the order of 10 years preparation is required ahead of sample 
arrival. 



13.4.2.4 Human Missions to Mars 

A human mission to Mars has been a long-term goal in every space exploration 
program since the advent of space flight. Although any human endeavor to visit the 
red planet is still decades away, the implications of planetary protection require- 
ments on system development and mission operation in combination with the 
long lead-time for the development of man-rated systems make this topic very 
timely. A detailed understanding of these aspects is also necessary in order to 
define the right robotic precursor missions to support the development of a human 
mission scenario for Mars. 

It is not possible for all human-associated processes and mission operations to be 
conducted within entirely closed systems. Therefore, a human mission to Mars will 
contaminate the planet to a certain extent. However, this forward contamination 
can and must be minimized by using appropriate procedures. In order to define 
these procedures, we need to establish a better understanding of both the Martian 
environment and the fate of terrestrial contamination, particularly biological con- 
tamination, on this environment. Included in this context is the need for contain- 
ment or sterilization of solid, liquid, and gaseous waste products during surface 
operations on Mars. Prior to leaving the surface, decontamination or stabilization 
of the surface elements with respect to biological contamination will be necessary. 

The philosophy for backward contamination prevention is to break the chain of 
contact between Mars and Earth. Any contamination of the crew habitat on Mars by 
potential biological agents of Martian origin has to be avoided, as this contami- 
nation would be transferred to the crew and hence to Earth. Strict isolation of the 
crew upon return is not practicable and would be difficult to implement. Two 
specific issues are worth mentioning in this respect: the need for sophisticated dust 
management and the need for emergency decontamination procedures for the 
surface elements in case a contamination event takes place. The latter is simply a 
technology adaptation based on already-existing systems. Dust management, how- 
ever, will be a challenging enterprise. The Apollo missions have already shown us 
that dust can be a major problem when not managed properly. It can effect 
mechanical systems and endanger the health of the crew, independent of its 
chemistry. In addition, dust is a potential carrier of reactive chemical agents 
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and, potentially, biological entities. A well-developed dust management system 
required in order to implement effective backward planetary protection guidelines 
can therefore also reduce the threat to crew health and safety. One aspect that will 
need further reflection is the use of in situ resource utilization systems to produce 
consumables for the crew. 

In summary, the planetary protection guidelines to limit contamination of Mars 
and to avoid contamination of the Earth by potential Martian life will not be relaxed 
to accommodate a human mission to Mars. There are, however, two issues that are 
very specific to a human mission to Mars. Regarding forward contamination, the 
biological contamination of the spacecraft will increase during the mission because 
of the presence of the crew. For robotic spacecraft the bioburden limit set forth in 
the planetary protection requirements has to be met at launch. The second, and 
certainly not less important, aspect is that general human factors have to be 
considered along with planetary protection issues for a human mission to Mars. 
Critical elements of forward and backward contamination control depending on 
procedures have to be designed in a way that makes them effective even in case of 
human error. 

Although earlier human missions have a greater perceived risk, planetary 
protection requirements likely will not become more relaxed in subsequent mis- 
sions. The main reason for this is that every mission will explore locations on Mars 
of high scientific (including astrobiological) interest that have not been visited 
before. 

13.4.3 

Missions to Venus 

The current atmospheric environment on the surface of Venus, with an average 
surface temperature of 464 °C, is too hostile to support life, although the possibility 
of the production of organic compounds in its atmosphere, e.g., by lightning, has 
been suggested. Little is known about its history despite more than 20 probes sent 
to Venus since 1961 (see also Chapter 8). This lack of knowledge is due mainly to 
Venus's high surface temperature, high pressure (95 000hPa), and permanent 
thick clouds - primarily composed of aqueous solutions of H 2 S0 4 - which obstruct 
its exploration. It is assumed that in its early history Venus might have possessed a 
sizable inventory of water and a cooler climate (100-200°C). Runaway greenhouse 
conditions that still exist today would then have led to evaporation of the water, its 
photolysis at higher altitudes, and escape of hydrogen. Today only traces of water 
remain in the atmosphere of Venus. Owing to the high temperature at the surface, 
the lack of water, and the presence of toxic chemicals such as sulfuric acid, 
indigenous biological activity on or below Venus's surface seems to be very 
unlikely. The same is valid for the clouds, where temperature and pressure are 
more moderate than on the surface but where drops of concentrated sulfuric acid 
prevail. However, Venus may have been considerably more Earth-like in its past, 
and thus it cannot be excluded that early environmental conditions on Venus 
might have been favorable for the emergence and early evolution of life. 
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Venus 's present environment not only is inimical to life but also makes heavy 
demands on the robustness of the technical equipment landing on its surface. The 
first successful landing on the surface of Venus was achieved in 1970 with the 
Soviet Venera 7 mission; the landing probe survived the heat and pressure for 
23 min. This was followed in 1985 by the Soviet Vega 1 and Vega 2 twin missions, 
when the landers carried out surface studies for about 1 h. This environment 
would have killed any terrestrial microorganisms that might have traveled as blind 
passengers with the lander from Earth to Venus. 

Venus is now being explored further by the European orbiter VenusExpress, 
which entered orbit around Venus on 11 April 2006. NASA's strategic exploration 
plans currently foresee the Venus In Situ Explorer and the Venus Surface Explorer to 
launch within the next decades. 

The COSPAR Planetary Protection Guidelines categorize all missions towards 
Venus, whether orbiters, flybys, or landers, in category I. This infers that Venus is 
not of direct interest for understanding the processes of chemical evolution and the 
origin of life. Therefore, no planetary protection requirements are imposed. How- 
ever, NASA and a recent study by the U. S. Space Studies Board of the National 
Academy of Sciences group all Venus missions, including sample return missions, 
into category II. This category applies to missions to celestial bodies that are of 
interest to astrobiology with regard to chemical evolution and the origin of life but 
pose only a remote risk of forward contamination by terrestrial microorganisms 
that would jeopardize future exploration. The Space Studies Board study even 
assumes that samples from the clouds or the surface of Venus would not raise a 
significant backward contamination risk to the inhabitants of Earth. 

13.4.4 

Missions to the Moons of the Giant Planets 

Saturn's largest moon Titan (see Chapter 9), Jupiter's moon Europa (see Chap- 
ter 10), and probably also some of the other moons of the giant planets (see Chapter 
9) are of special interest to astrobiology; therefore, missions to these moons need 
special consideration from a planetary protection point of view. Their relevance to 
planetary protection has already influenced the fate of the Galileo spacecraft, which 
explored Jupiter and its moons Io and Europa; at the end of its lifetime, in September 
2003, it was deliberately steered into the gravitational pull of Jupiter to avoid 
accidental collision with - and possible contamination of - one of Jupiter's moons. 

The surface of Titan was visited for the first time in 2005 by the European 
Huygens probe of the joint NASA-ESA Cassini-Huygens mission to the Saturn 
system (see Chapter 9). 

Jupiter's moon Europa is considered to be potentially habitable for indigenous 
life (see Chapter 10). More than 95 % of the spectroscopically detectable material on 
its surface is H 2 0. It has been established with high probability that this moon of 
Jupiter harbors an ocean of liquid water beneath a thick ice crust. In addition to 
liquid water, carbon and energy sources are required to support life as we know it 
on Earth. If carbon might have been delivered by impacts of various bodies 
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(although crust resurfacing does not show very many impact craters), the question 
of energy sources is still open. The existence of liquid water beneath the ice crust 
may be the result of deep hydrothermal activity, radioactive decay, and/or tidal 
heating. In this case, conditions allowing prokaryotic-like life as we know it on 
Earth would have been gathered. 

NASA's strategic exploration plan contains two missions to Jupiter's moon 
Europa: the Europa Geophysical Explorer in 2015 and the Europa Astrobiological 
Lander well after 2030. Although it is premature to conclude that either an ocean or 
biota exists on Europa, it is prudent to implement planetary protection procedures 
that assume the existence of both. Given the capabilities of terrestrial life to adapt to 
extreme conditions - such as heat, cold, pressure, salinity, acidity, dryness, and 
high radiation levels as well as combinations of these (see Chapter 5) - a con- 
servative approach needs to be taken to protect the Europan environment. Proper- 
ties of the Europan environment may present a target for contamination by 
terrestrial organisms carried on a spacecraft, which could colonize the entire 
moon via a subsurface ocean connection. Whereas the COSPAR Planetary Pro- 
tection Guidelines classify orbiter and flyby missions to Europa as category III 
missions, the U. S. Space Studies Board, in the report "Preventing the Forward 
Contamination of Europa," as well as an International Expert Group at a COSPAR/ 
IAU Workshop on Planetary Protection in 2002 recommended classifying all 
missions to Europa - including orbiters, landers, and penetrators - as 
category IV missions. This recommendation is based on the consideration that 
orbiting spacecraft have a significant probability of ultimately impacting on the 
surface. Any spacecraft component that is buried within the ice is effectively 
shielded from lethal levels of radiation, potentially allowing the survival of some 
contaminating organisms. Episodic resurfacing of the young Europan crust could 
then bring spacecraft components in contact with the ocean. 

It was recommended that the bioload on spacecraft sent to Europa must be 
reduced to such a level that the probability of inadvertent contamination of its 
ocean is extremely low (10 -4 per mission). Further studies are needed in order to 
determine 

• the level of probability of survival and growth of terrestrial 
microorganisms in the Europan ice and ocean; 

• methods of reducing the uncertainty in long-term survival of 
microorganisms in the Europan surface/near-surface envi- 
ronment and in the turnover time of Europa's icy crust; and 

• the level of acceptable bioburden required for all parts of the 
spacecraft before launching. 

13.4.5 

Missions to Asteroids or Comets 

Small bodies in the Solar System (asteroids and comets) represent a very large class 
of different types of objects. Imposing blanket forward-contamination controls on 
these missions seems not to be warranted. Currently, most such missions are 
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classified as category I or II missions. Because such missions to comets and 
asteroids may become quite frequent in the future, further elaboration of the 
requirements may be needed. 

Comets in particular are of interest to astrobiology, because among all celestial 
bodies, they contain the largest amount of organic molecules. They are considered 
the most pristine Solar System targets, bearing witness to the existence of a 
dynamic organic chemistry from the earliest stages of our Solar System (see 
Chapter 2). Therefore, comets have been the target of several recent missions, 
whether as a fiyby (European Giotto mission to comet Halley), by collecting and 
returning samples of cometary dust from the tail (NASA Stardust mission to comet 
Wild 2), by creating a crater on its surface by sending a 350-kg copper projectile into 
a comet (NASA Deep Impact mission to comet 9P/Tempel 1), or by landing on a 
comet (ESA Rosetta mission to comet 67P/Churyumov-Gerasimenko). 

The Rosetta mission, launched on 2 March 2004, includes an orbiter and a lander. 
After swing-by maneuvers at Earth (March 2005, November 2007, and November 
2009) and Mars (February 2007) and asteroid flybys at Steins (2008) and Lutetia 
(2010), it will reach the target comet 67P/Churyumov-Gerasimenko in 2014. The 
COSPAR Planetary Protection Guidelines require different considerations at dif- 
ferent mission phases: 

• category III for the Mars gravity assist, which will bring the 
spacecraft as close as about 200 km to Mars, and 

• category II for the comet exploration phase. 

To meet the requirements of these categories, measures were taken to ensure very 
low probability of impact at Mars and control of organic contamination on the 
comet. Although the requirements of category II for the lander are less stringent, 
many measures and precautions were taken in order to control organic contami- 
nation and to avoid any confusion with regard to the results of onboard experi- 
ments searching for organic compounds and their precursors. This is an example 
where the requirements of the experiments are more stringent than those set by 
the COSPAR categorization. To meet the experiment requirements, the following 
measures were taken: 

• The whole system was integrated in a class 100 000 clean 
room. 

• All organic materials (list, nature, references, and amount) 
in the project Declared Material List handled by Product 
Assurance management were identified. 

• At the design level, contamination sources were limited or 
controlled as far as possible, and the most possible contam- 
inant coming from various sources (such as out-gassing, gas 
leaks, organic material pollution, or abrasion during lander or 
experiment operations, particularly drilling) or coming from 
the lander hardware was identified. 

• Sensitive instrument parts were assembled in a class 100 or 
1 000 clean room and were cleaned with specific detergents 
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and self-protection. Spectrometers were subject to purging 
and sealing, and some of them will perform an initial blank 
noise measurement in order to detect its internal contami- 
nation from terrestrial origin. 

Japan's asteroid sample return mission Hayabusa (MUSES-C) aimed at collecting 
pieces from asteroid Itokawa and then bringing the samples back to Earth. It is 
planned that the sample return capsule will detach from the spacecraft and plunge 
through Earth's atmosphere for an intense reentry, with temperatures 30 times 
greater than those experienced by Apollo spacecraft. After reentry, the container 
should parachute to Earth, where it can be brought to a laboratory for study. Although 
the sampling of asteroid pieces has failed so far, this mission is of interest from the 
point of view of planetary protection. In view of the target comet type, the Hayabusa 
mission was classified as a category V mission with unrestricted Earth return. 

13.5 

Outlook: Future Tasks of Planetary Protection 

After the first formulation of COSPAR Planetary Quarantine Objectives in 1969, 
which were targeted mainly towards missions to Mars and other planets, it was 
assumed that the question of indigenous life on the planets in consideration would 
be solved within 20 years, a period assumed to encompass about 100 exploratory- 
type missions. History has shown this to be an overoptimistic assessment, and it 
demonstrates that exploratory missions are influenced by a variety of parameters 
that are not in the hands of space scientists but are largely dependent on politics 
and economics. 

Although the missions so far sent to Mars, Venus, Titan, and comets have 
provided a wealth of information on the habitability of the planets and their 
relevance for studies of chemical evolution and/or the conditions for origin and 
evolution of life, it will be the next generation of spacecraft that are targeted towards 
in situ search for signatures of extant or extinct life forms. The European lander 
ExoMars, to be sent to Mars in 2013, will be a prominent representative of those 
astrobiology missions (see Chapter 12). The COSPAR Planetary Protection Guide- 
lines already sufficiently cover such missions of high astrobiology relevance look- 
ing for putative life forms on Mars. They are all classified as either category IVb or 
IVc missions. 

Concerning Mars, future missions designed to bring planetary material back to 
Earth - such as Martian rocks, dust, or atmospheric samples - are classified as 
category V missions with restricted Earth return. For those missions, detailed 
protocols for sampling and sample handling and analysis to prevent both forward 
and backward contamination are under development and eventually need to be 
adopted by COSPAR. 

A major task in view of planetary protection issues will be a mission sending 
humans to Mars, which is part of the strategic long-term planning of both ESA and 
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NASA. Activities associated with such human exploratory missions will interface 
with the terrestrial and extraterrestrial environment in three ways: 

• The mission needs to be protected from the natural envi- 
ronmental elements of interplanetary space and the planet 
that can be harmful to human health, to the equipment, or to 
the operations. The following environmental elements need 
to be considered in order to protect humans and the equip- 
ment during their mission: cosmic ionizing radiation, solar 
particle events, solar ultraviolet radiation, reduced gravity, 
thin atmosphere, extremes in temperatures and their fluctu- 
ations, surface dust, and impacts by meteorites and micro- 
meteorites. 

• The specific natural environment of Mars should be protected 
so that it retains its value for scientific and other purposes. In 
order to protect the planetary environment, the requirements 
for planetary protection as adopted by COSPAR for lander 
missions need to be revised in view of human presence on the 
planet. Landers carrying equipment for astrobiological in- 
vestigations require special consideration to reduce contam- 
ination by terrestrial microorganisms and organic matter to 
the greatest feasible extent. Records of human activities on 
the planet's surface should be maintained in sufficient detail 
that future scientific experimenters can determine whether 
environmental modifications have resulted from those ex- 
plorations. 

• The Earth and its biosphere need to be protected from po- 
tentially harmful agents brought back upon return of the 
explorers to their home planet Earth. 

ESA, within its HUMEX study "Critical Issues in Connection with Human Ex- 
ploratory Missions," has developed a roadmap identifying the research required to 
ensure astronauts' health and well-being during such a mission (Fig. 13.5). 

Finally, the question arises whether the increasing robotic exploration of Mars 
and the eventual human exploration and settlement of that planet are likely to 
cause an environmental impact to scientifically important sites, regions of natural 
beauty, and historically important regions in the form of contamination with 
spacecraft parts and microbiota. The presence of crashed robots on Mars already 
raises important questions about the type of wilderness ethic one may apply to 
Mars and how this ethic is embodied within practical environmental policy. 

The environmental ethics that underpin a system of preservation/conservation 
on the surface of other planets, such as Mars, have their origins in the "wilderness" 
debate, and therefore efforts for the protection of wilderness areas on Earth might 
be taken as an example. Anthropocentric reasons for declaring "natural parks" 
include the instrumental value of wilderness areas as sites for scientific study/ 
preservation, human enjoyment, and the preservation of these regions for future 
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Roadmap in human health issues for ESA's exploration programme 





Fig. 13.5 Roadmap of steps regarding human-health issues 
required before a human mission to Mars takes place, as 
recommended in the HUMEX study in the frame of ESA's 
exploration program. 



human enjoyment. However, even in the absence of humans, non-anthropocentric 
reasons - such as the intrinsic value of the Martian landscape and potential duties 
to indigenous microorganisms, if they are there - still exist and can drive policy 
even prior to human exploration. It is assumed that under the auspices of CO SPAR 
(in addition to the current planetary protection policy, which is merely based on the 
scientific interpretation of the Outer Space Treaty), recommendations on how to 
deal with these ethical issues will be elaborated. 
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13.7 

Questions for students 

Question 13.1 

Describe the COSPAR Planetary Protection Guidelines, the rationale and re- 
quirements for different missions within our Solar System. 
Question 13.2 

Develop a Planetary Protection Plan for a mission landing on a carbonaceous 
asteroid. 
Question 13.3 

Describe the planetary protection requirements and implementation plans for a 
robotic lander mission to Mars depending on the landing site and the purpose of 
the mission. 

Question 13.3 

Assess the impact of a human mission to Mars from the point of view of 
astrobiology and planetary protection (pros and cons). 
Question 13.4 

Give reasons, other than scientific ones, for requiring protection of the planets of 
our Solar System and justify them. 
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- Moon 164 
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habitable zone 30, 159 
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- liquid water 155 
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halite 121 
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haze particles 227 

heavy bombardment 47 
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255, 265 

- Iceland 134 

- Italy 134 
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- brines 140 
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Hohmann transfer 190, 195, 197 
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HST 236 

Hubble constant 27 
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- human-health issues 394 
human phantoms 315 
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hydrocarbons 24, 87, 235, 242, 245-246 
hydrogen 243, 304 

- 21 cm line 37 
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- H 42 

- H 2 37, 42-43, 47 

- HII 37, 44 

hydrogen cyanide 7, 24, 42, 49, 87, 242-243 
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hydrolysis 113 

hydrolysis polymerization 116, 
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hydrophilic 24, 97 
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impact 85 
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301, 304-305, 315, 317, 323, 365 
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form Adapter) 296 

- EUTEF-CEPA (I/F) 297 
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- MATROSHKA 315 
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interplanetary space 

- cosmic radiation 275 

- extreme temperatures 274 
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origin 274 

- GCR 275 ff. 

- microgravity 281 

- microgravity level 287 

- radiation belts 278 

- solar cosmic radiation 275 

- solar extraterrestrial UV 279 

- solar particle events 275 

- space vacuum 274, 280 

- temperature 280 ff. 
interplanetary transfer of life 307, 313 
interplanetary dust particles 305 
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- collapse 29, 44 
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interstellar grains 8ff, 43, 45, 304 

-formation 39ff. 
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interstellar ice 41 
interstellar matter 35 
interstellar medium 304 
interstellar molecular clouds 71 
interstellar molecules 38-39, A1-A2, 53 
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Io 223, 253, 258 
ion gradient 98 

ionizing radiation 266, 335, 342ff. 
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ISO 18, 236, 243 
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- D-isoform 115 

- L-isoform 115 
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isotopic fragmentation 247 
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j 
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Jeans' mass 29 

Jupiter 46, 50 ff., 237, 253 ft". 
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Kepler's laws 185, 226 
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kinetic data 233 

kinetic modeling 230 
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Kuiper Belt objects 46, 53, 205, 214 
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96, see also LUCA 
lateral gene transfer 101 
launch acceleration 181 
launch windows 195 
laws of motion 185 
LDEF 303, 305, 309, 313 
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lichens 309 
life 55, 117, 246-247 
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- definition 3, 117, 263 

- elements 24 
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- extrasolar 20 

- requirements 155, 265, 321 

- silicon-based 156 
life beyond Earth 220 
life in a test tube 1 1 
life, interplanetary transfer 323 
life, liquid water 322 ff. 
lifetime of a planet 164 
linear energy transfer [LET] 312 
lipid 24, 90, 97, 128 

- high temperature 127 

- pH extremes 127 
lipid bilayers 97 

Long Duration Exposure Facility 305 
Lord Kelvin 307 

low Earth orbit (LEO) 179 ff, 303-304 

- experiments 273 ff, 281 
low-energy transfer 196 
low-temperature environments 138 
low-thrust maneuvers 192 
Lowell, Percival 152 
LOX 182 

LUCA 96, 98, 100, 103 
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Lyman alpha 231-232, 234 

m 

M stars 37, 159 
magma ocean 47 
magnetosphere 231, 234, 276-277 
Maillard reactions 309 
main sequence stars 35 
main sequences 30 ff. 
maneuvers 190ff. 

Mars 48, 50, 173, 208, 223, 307, 313-314, 
392 

- Mars '96 mission 324, 332, 373 

- Beagle 2 372-373, 380-382 
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- canals 152 

- dry river beds 376 

- environmental ethics 393 

- evidence for water 210 

- evidence of heat 213 

- BcoMars 383, see also ExoMars 

- access to subsurface 346 ff. 

- extant Martian life 15 ff., 368 

- habitability 159 

- human activities 317 

- human mission 387 

- life-detection experiment 368 ff. 

- magnetic regions 158 

- Mariner 9 376 

- Mars Exploration Rovers 378ff, 382 

- Mars Express 359, 376ff. 

- Mars Global Surveyor 359, 376 ff. 

- Mars Odyssey 15, 359, 376 ff. 

- Mars Pathfinder 373, 378 ff. 

- Mars Reconnaissance Orbiter 334, 359, 
376 ff. 

- Mars sample return (MSR) 196, 198, 
316, 383 

- Mars Sample Receiving Facility 
(MSRF) 384ff. 

- robotics 386 

- sample return container 383 

- Mars Science Laboratory 16, 379 
-MER 345 ff, 382 

- meteorites from Mars 213, 308 

- microfossils in a martian meteorite 
218 

- Opportunity 16, 378ff. 

- past and present missions 377 

- past liquid water 152 

- Phoenix 379 

- plate tectonics 158 

- signatures of life on Mars 219 

- simulated Martian UV 365 

- simulated soil 309 

- special region 368 

- Spirit 378 ff. 

- UV radiation climate 168, 307 

- Viking 130-132, 367-368, 382 

- Viking 1 378ff 

- Viking 2 378ff. 

- Viking landers 372 

- volcanism 158 
Mars exploration 316 
Mars Express 16, 324, 334 
Mars Mission 195 

Martian meteorite ALH84001 16 ff., 329 
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- atmospheric infall 294 
MATROSHKA 315 
membrane 11, 24, 56 

- bilayers 97 
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Mercury 44, 204-206 
mesosphere 241 
metabolism 246 
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- heterotrophic 155, 161 

- photosynthesis 155 
metal sulfide precipitate 99 
metamorphic processes 329 
metamorphosis 86 
meteorite flux 9 

meteorites 8ff„ 41, 45, 73, 224, 323 

- landing 314 
meteoroids 322 

methane 24, 41, 49, 87, 225-227, 232, 234, 

236, 243, 246-248 
methane hydrates 247 
methanol 41 
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microbial mats 172 
microfossils 14, 121-122 
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- morphology 329 

- yeasts 172 
micrometeorites 47, 74, 305, 314 

-carbonaceous 9ff., 305 
microorganisms 88, 122ff., 172, 174, 323 
microspheres 12 
Miller, Stanley 66, 233 
mineral 115 
MIR station 10, 305 
mitochondria 89, 103 
mobility 327, 345 ff. 
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molecular evolution 87 
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- DNA stability 136 
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- hyperfhermophiles 136 

- lipids 136 

- proteins 136 
molecules 

- first 35 

- precursor to life 24, 55 ff. 
montmorillonite 11, 13 ff. 
Moon 47-48 
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mRNA 94 
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Murchison meteorite 8, 49, 305 
mutation 100, 106 

- mutation rates 103 
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NASA 3, 225-226, 305 
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Neptune 46, 50 ff. 
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Newton's laws 185, 194 

Newton's universal law of gravitation 185 
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nitrogen 34, 42, 47, 227-228, 242-243 
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nucleoside 61, 92, 114 
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nucleotide 49, 61, 86ff. 
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bonucleotide and ribonucleotide 
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orbital mechanics 179ff, 184 

organelle 89, 103 

organic molecules 

-extraterrestrial 7ff., 304 
origin of life 1 ff, 48-49, 63 ff, 86 ff. 
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Orion nebula M42 35, 38 ff, 44 
Orion OMC-1 star 8 
osmotic potential 98 
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oxidant 332, 335 ff., 342 ff. 
oxide 305 
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oxygen 33 ff., 42, 122, 139, 155-162, 172-1 
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p-p chain reaction 32ff. 
p-RNA 13 
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panspermia 307, 323 

- entry process 308 
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parameters of space 
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parasites 107 

Pasteur payload 327ff, see also ExoMars 

pasteurization 365 

payload 179 ff. 

payload fraction 181, 192, 196 
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peptide bond 58ff., 80, 96ff. 
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peptidoglycan 125, 126ff. 

permafrost 138, 334 

permeability 98 
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phosphates 113 

phosphodiester bonds 113, 116 

photoautotrophs 161-162 

photochemical modeling 232 

photodissociation 234 

photolysis 11 

photoproducts 311 

- DNA 310 
phylogenetic studies 101 
phylogenetic tree 88, 101, 124 

- hyperfhermophiles 137 
Pilbara 15, 172, 329 

Pioneer 11 226 
planet 85 

- formation 44 ff. 
planetary nebula 33 

planetary protection 257, 307, 317, see also 
COSPAR planetary protection guidelines 
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355 

- concern of back-contamination 375 

- forward contamination prevention 355 

- Mobile Quarantine Facility 375 

- planetary protection guidelines 355 ff. 

- planetary protection strategies 382 



- preservation of the extraterrestrial 
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- rationale for planetary protection 3 54 ff. 
Planetary Protection Implementation Plan 

362, 379, 381 
Planetary Protection Plan 362, 380 
planetary surface 158 

- temperature 157 
planetesimal 45, 228, 242 
planets 

- Earthlike 152 

- extrasolar 152 
plasmids 102 

plate tectonics 329 
ploidy level 103 
PNA 14 
polarization 36 

polycyclic aromatic hydrocarbons (PAHs) 40, 
43 

polymer 113, 236 

- synthesis 80 
polymerization 113 
polypeptide 94, 96, 105 
polyynes 231 
pre-stellar evolution 304 
prebiotic chemistry 55 ff, 324 
prebiotic synthesis 114 
precursors 58, 114ff. 
precursors of life 304 
pressure (on Titan) 227 
primordial atmosphere 248 
progenote 88, 105, 108 
Progress 301 

prokaryotes 88, 121, 124-125 

- size 123 
propane 243 
propulsion system 199 
propyne 243 

protein 55-60, 63 ff, 80, 96, 264 

- catalytic protein 63 ff, 87, 90, 105 

- genetically encoded 108 

- protein catalyst 103, 105, 110 

- protein domains 100 

- protein folding, see also protein struc- 
ture, protein domains 

- protein strucutre 100 

- protein synthesis 110 

- genetically, encoded 108, see also 
translation 

- regulatory proteins 107 

- scaffolding proteins 106, see also gene 
products 

- structural protein 90, 106 
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proto-ribosome 109 
proton gradient 100 
protoplanetary disk 44 ff., 85 
protosolar disk 49 
purine 8, 57, 60-63, 81, 87, 114 

- synthesis 76 
purine base adenine 60 
purine base guanine 60 
pyranosyl-RNA 13 
pyrimidine 8, 87, 114 
pyrimidine bases 76 
pyrimidine base cytosine 60 
pyrimidine base thymine 60 
(6-4) pyrimidine-pyrimidone adducts 310 
pyrite 8 

pyrophosphate 13 

<7 

quantum yield 231, 232 
r 

racemic mixture 115,330 
racemization 1 1 
radiation 286 

- belts 278 

-SoufhAflantic Anomaly (SAA) 279 

- cosmic radiation 

- dose equivalent 275 

- Gray 276 

- quality factor 275 

- Sievert (Sv) 275 

- field of solar and galactic origin 274 

- galactic cosmic 275 

- HZE particles 276 

- GCR 275 

- solar cosmic 275 

- solar particles events (SPEs) 277 

- solar extraterrestrial UV 

- ozone layer in the stratosphere 279 

- spectrum 279 

- solar particle events 275 

- dose equivalent 275 

- quality factor 275 

- survival 145-146 
radiation dosimetry 314 
radiative transfer calculations 306 
radiogenic heating 268 

16S rDNA sequencing 364 

recombination 100 

red dwarf 30 ff. 

red giant 30 ff, 34, 39 

reddening 36 



reduced chemicals, see also reduction chemistry 

reduced gradient, see also reduction chemistry 

reduction chemistry 99 

redundancy 94 

regolith 332 

regulatory proteins 107 

relicts 103 

repliaction strategies 103 
replicase protein 107 
replication 87, 106-107, 110 

- early replication 110 

- machinery 110 

- replication strategies 103 
Responses of Organisms to the Space 

Environment (ROSE) 299-300, 313 
return flight 196 
reverse transcription 105 
ribonucleic acid 60, see also RNA 
ribonucleotides 64, 105 
ribose 12, 92, 114 
ribosomal RNA 109, 112 
ribosome (ribosomal RNA, NA) 94, 96 ff, 

108-110 

- proto-ribosome 109-110 
ribozymes 13, 87, 108, lllff. 
right-handed (D)-configuration, see also 

D-isoform 97 
RNA 11, 23, 60, 105 

- catalytic RNAs 5ff, 103 

- mRNA 112 
-nuclear RNA 112 

- nucleolar RNA 112 

- ribosomal RNA, rRNA 109 

- RNA catalysts 111 

- RNA enzymes 87, see also ribozymes 

- RNA genomes 105 

- RNA interactions 107 

- RNA-based life 103 
-rRNA 112 

- tRNA 110,112 

RNA world 13, 63, 80, 111-115 
RNA-protein world 108, see also RNP organ- 
isms 

RNP organisms 106-117 
rock eaters 161 
rocket equation 180 ff. 
Rosetta 323, 365 
Russian satellites 10 

s 

salt crystals 147 

sample preparation and distribution system 
(SPDS) 344 
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160 
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sedimentary rocks 15, 323 
self-sustained life 99 
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SETUP 236 
sheet structures 5 ff. 
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signal transduction 90 
signs of life, searching 328 
simulation experiments 233 
single-staged rockets 180 ff. 
Smart-1 365 

SNC meteorites 15 ff, 294 
snow line 45-48 
snowball Earth 157 
solar activity 

- 11-year cycle 276 ff. 

solar extraterrestrial UV radiation 305 
Solar system 15, 46, 203, 307 

- age 48 

- formation 44 

- habitable zone 159, 170 
solar UV 304, 306 

- extraterrestrial 310 
solar UV irradiance 

- biologically effective 307 
solvent 90, 247 

southwest Greenland 15 

Soyuz 289 

Soyuz 2 b 337 

space age 153 

space environment 305, 308 

space experiments 10 

Space Shuttle 306 

space simulation facilities 274, 308 

space vacuum 305 

- vacuum-induced dehydration 309 
spacecraft assembly facility 365, 373 
spacecraft reentry 323 ff. 

spacecraft system 199 

Spacelab 281, 303, 306, 309-310, 312 

Spacelab 1 280 

spark discharge 7 

spectra 

-IR 231,236 

- UV 231, 236 



Spirit 16, see also Mars 
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spore photoproduct 311 
spores 121 

- Bacillus subtilis 306, 310, 312 
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- fungal 309 

- inactivation probability 312 

- survival 121 
Sputnik 273 

Standard Mean Ocean Water SMOW 49 ff. 

Stardust 305, 391 

stars 
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stereoisomer 97 
sterilization 368, 370, 378-380 
STONE experiments 17, 314 

- basalt 294 

- dolomite 294 

- exposure experiments 323 
-Foton 293 ff. 

- Martian meteorites 294 

- microorganisms 295 

- simulatd Martian regolith 294 
stop codon 94 

stratosphere 241, 243 
stratospheric ozone layer 306 
Strecker, Adolf 65 
Streptococcus mitis 147, 376 
stromatolite 172 

structure and mechanism system 199 
structure fraction 181 
subsurface 327, 335 ff. 
subsurface drill 327, 339 ff. 
subsystem 199 

subterranean environment 144, 322 
sugars 

- synthesis 78 
suit laboratory 384 
sulfide 305 

Sun 

- formation 44 ff. 
super giant (star) 30 ff, 40 
super-rotation 227 
supernova 34, 39 
surface metabolism 8 
surficial biomass 9 
survival 146 ff. 

survival in space 309 
swing-by maneuver 194 
Synechococcus 309 
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tectonic activity 330 
tectonics 86 
telluric exoplanets 20 
telomerase 110, 112 
telomere 103 
temperature 227 

- Earth 156 

- planetary surface 

- feedback effect 157 
templated polymerization 116 
templates 115 
terminal tag 110 
thermal control system 199 
thermosphere 241 
thioesters 8 
thiols 8 

tholins 235-236, 244-245 

threat to astronauts 335 

threo furanosyl nucleic acid 14 

thymidine 92 

thymine 60 ff, 92 

tidal heating 260ff, 268 

tidal locking 159 

Titan 18, 50, 223, 261, 307, 324, see also 
Cassini-Huygens 

- Cassini-Huygens 389 ff. 

- chemical modelling 230, 233 

- surface 224, 241-242, 248 
TNA 14, 115 

trace molecules 304 
track detectors 311 
trajectory biasing 359, 376 
transcription 96 ff. 
translation 96, 107-108, 110 
translation machinery 97, 108 
triple-alpha reaction 32-33 
triplet 94 
tRNA 94, 103, 108 
tropopause 241 
troposphere 243 
turgor 90 

two-body equation 187 
U 

ultraviolet (UV) radiation 321, 324ff 

- UV radiation 116, 322, 323 ff, 333, 
342 

- UV shielding 323 

- UV source 234 

- UV-B radiation 306, 314 
Universe 

- age 25 



- average density 27 
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- critical density 27 

- dark energy 27ff. 

- dark matter 28 

- density 27 

- expansion rate 27 

- microwave background 27 
uracil 60, 92, 114 

- synthesis 78 
Uranus 46, 50 
uridine 92 
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V-SMOW cross reference to SMOW 49 
velocity change Av 179ff. 
Venus 46, 50, 173, 207, 237, 307 

- atmospheric C0 2 159 

- cloud layer 

- sulfuric acid 170 
-dead world 171, 388 ff. 

- greenhouse warming 159 

- habitability 159 

- clouds 169 

- temperature on the surface 170 

- VenusExpress 389 

- volcanism 158 

vertical concentration profiles 233 
Viking 132, 332, 343 ff. 
Viking 1 16 
Viking 2 16 

Viking lander 130-131,153 
Viking mission 130 
viruses 102, 107 
vis-viva 187 ff. 
volatiles 86 
volcanism 86, 158 
Vostok 273 
Voyager 242, 254 
-IRIS 236 
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- UVS 236 
Voyager 1 226 

Voyager mission 256, 261 
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water 23 ff, 35, 41, 44, 45, 47-49, 241, 243, 
255, 264 

- activity 143 

- ice 229, 245-246 

- liquid 155, 224-225, 246-247 
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weathering 86, 158 
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WMAP 27, 53 
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159 xenon 46 

z 
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